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TECHNICAL  SU*®RY 


Crack  propagation  through  an  insulating  material  or  at  an  interface 

i 

produces  regions  of  high  electronic  and  chemical  activity  on  the  freshly- 
» 

created  surfaces.  This  activity  causes  the  emission  of  particles,  i.e. 
electrons,  ions,  and  neutral  species,  as  well  as  photons,  from  the  surfaces 
both  during  and  after  crack  propagation.  This  emission  is  called  fracto- 
emission  (FE) ,  and  in  many  ways  serves  as  a  probe  of  the  electronic  and 
chemical  activity  of  the  fracture  surfaces  j  The  work  described  in  this  report 
represents  the  results  of  our  research  activity  from  June  1,  1984  to  May  31, 


1985.  Our  primary  goals  have  been  to  farther  characterize  FE  from  polymers, 


crystalline  materials,  and  from  interfaces,  to  further  our  understanding  of 


the  FE  mechanisms,  and  to  examine  the  dependence  of  FE  on  the  nature  of  the 

/ 

fracture  event  and  material  properties. 

c~rVln  this  report  we  present  our  results  on:  the  fracto-emission  from  model 
propellents  with  a  variety  of  formulations,  the  fracto-emission  from  a  metal- 
polymer  interface  with  and  without  an  externally  applied  electric  field,  the 
photon  and  radiowave  emission  from  peeling  pressure  sensitive  adhesives,  the 
detection  of  atom  and  molecular  emission  (neutral  charge)  emitted  from  the 
fracture  of  inorganic  single  crystals,  and  a  study  of  the  effect  of  electron 


bombardment  of  single  fibers  of  a  polymer^  In  addition,  we  discuss  briefly 


the  work  in  progress  in  severed,  areas  related  to  the  above  projects:  the 
fracto-emission  mechanisms  from  single  crystal  inorganics,  the  neutral 
emission  from  both  polymers  and  inorganics,  the  fracto-emission  from  explosive 
crystals,  a  number  of  interfacial  failure  studies  (including  the  fracture  of 
particulate-filled  binders) ,  and  further  work  in  the  area  of  radiation  induced 


fracture 


A 


1 


* 
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values,  an  electron  beam  focused  onto  a  polymeric  fiber  (Kevlar-49)  in  tension 
can  cause  the  fiber  to  fail.  Calculations  of  the  tenpferature  of  the  fiber  due 
to  energy  deposition  during  bombardment  is  well  below  the  temperatures  when 
the  fiber  should  yield.  We  conclude  that  the  fracture  is  dominated  by 
electrons  producing  bond  scissions  in  critical  load  carrying  chains. 

Finally,  in  Section  VIII  we  outline  our  work  in  progress  on  several 
areas  related  to  the  above  projects:  the  fracto-emission  from  single  crystal 
inorganics,  the  neutral  emission  from  both  polymers  and  inorganics,  the 
fracto-emission  from  explosive  crystals,  a  number  of  interfacial  failure 
studies  (including  the  fracture  of  particulate-filled  binders) ,  and  further 
work  in  the  area  of  radiation  induced  fracture. 
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III.  ELECTRON  AND  PHOTCN  EMISSION  ACOOCANYING  FRACTURE  CF  CYCXCTRINETHYIIiNE 
TRINITRAMINE  (RDX)  FILLED  POLYMERIC  BINDERS 


J.  T.  Dickinson,  M.  H.  Miles,  and  L.  C.  Jensen 
Department  of  Physics 
Washington  State  University 
Pullman,  WA.  99164-2814 


ABSTRACT 

Electron  and  photon  emission  was  examined  during  tensile  loading  and 
compressional  inpact  of  cyclotrimethylene  trinitramine  (RDX)  loaded  polymeric 
binders.  These  materials  are  model  formulations  produced  by  at  the  Naval 
weapons  Center  for  a  study  of  the  effects  of  surface  interactions  and 
mechanical  properties  of  plastic  bonded  explosives  on  explosive  sensitivity. 
In  these  fracto-emission  studies  we  observe  considerable  differences  in  the 
emission  intensity  and  time  dependence  for  different  material  formulation  and 
loading  conditions. 


iNnvmincN 


Dynamic  fracture  of  polymers  or  interfacial  failure  produces  regions 
of  high  electronic  and  chemical  activity  on  the  freshly-created  surfaces.  The 
various  excitations  of  the  fracture  surface  can  lead  to  the  emission  of 
particles;  i.e.,  electrons,  ions,  neutral  species,  and  photons  both  during  and 
after  crack  propagation.  This  emission  is  collectively  referred  to  as 
"fracto-emission".  In  several  of  our  papers  we  have  outlined  current  models 
for  the  observed  emission  [1-6] .  In  particular,  we  have  shown  that  the  unique 
condition  of  fracture  at  interfaces  of  dissimilar  materials  can  lead  to  FE  of 
high  intensity,  long  duration,  and  other  distinguishing  characteristics. 

The  work  presented  here  involves  measurements  of  the  electron  and 
photon  emission  during  and  following  fracture  and  mechanical  inpact  of  model 
propellant  materials.  The  formulations  used  were  produced  at  the  Naval 
weapons  Center  (NWC)  as  part  of  a  study  carried  out  by  R.  Y.  Yee  and  E.  C. 
Martin,  NWC,  on  the  effects  of  surface  interactions  and  mechanical  properties 
of  plastic  bonded  explosives  on  explosive  sensitivity.  The  compositions  of 


Table  1.  (Continued). 
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TABLE  2.  Composition  of  R45M/IPDI  Formulations. 


Weight  percent 

Material 

BLX-1 

BLX-2 

BLX-3 

BLX-1 1 

R45M 

23.20 

18.55 

23.20 

23.20 

IPDI 

1.74 

1.39 

1.74 

1.74 

Triphenyl 

bismuth 

0.03 

0.03 

0.03 

0.30 

Octanoic  acid 

0.03 

0.03 

0.03 

0.30 

RDX  (class  A) 

22.56 

0.00 

0.00 

0.00 

RDX  (screened 
class  A) 

0.00 

32.00 

30.00 

30.00 

RDX  (class  E) 

52.50 

48.00 

45.00 

45.00 

Total  RDX 

75.00 

80.00 

75.00 

75.00 

NCO/OH* 

0.95 

0.95 

0.95 

0.95 

Shore  A  hardness 

58.00 

65.00 

63.00 

•  •  * 

*Isocyanate/hydroxyl  ratio. 


TABLE  3.  Composition  of  GAP  Formulations. 


Material 

Weight  percent 

8LX-4 

BLX-7 

BLX-8 

BLX- 

GAP 

4.95 

26.73 

26.72 

9.18 

N-100* 

1.30 

4.68 

4.68 

2.09 

TMETN 

18.70 

0.00 

0.00 

0.00 

BTTN 

0.00 

0.00 

0.00 

22.63 

Plas£icizer/polymer 

RS-5_ 

3.00 

0.00 

0.00 

0.00 

0.00 

0.00 

2.00 

0.20 

T-12c 

0.005 

0.005 

0.D05 

0.00 

Octanoic  acid 

0.00 

0.00 

0.05 

0.00 

RDX  (screened 

44.91 

27.43 

27.43 

39.54 

class  A) 

RDX  (class  E) 

29.94 

41.15 

41.15 

26.36 

Total  RDX 

74.80 

68.60 

68.60 

65.90 

NC0/0H 

1.50 

1.00 

1.00 

1.30 

Shore  A  hardness 

12.00 

70.00 

48.00 

*Poly  functional  isocyanate. 
^Nitrocellulose . 
cDibutyltin  dilaurate. 
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physics  data  acquisition  techniques  were  employed  to  count  and  store  pulses  as 
a  function  of  time. 


RESULTS  SfD  DISCUSSION 


Slow  tensile  loading  of  the  notched  specimens  generally  resulted  in 
opening  up  of  the  notch  followed  by  crack  growth  over  a  time  period  of  a  few 
seconds.  Data  were  usually  collected  at  0.1  second  per  channel  for  a  total 
of  4095  channels,  corresponding  to  a  time  of  410  seconds.  For  comparison  of 
intensities,  we  report  total  counts  detected  for  a  period  of  100  s  starting 
with  the  fracture  event.  Table  2  below  summarizes  electron  and  photon 
emission  for  the  two  types  of  urethane  cross  linked  polybutadiene  specimens 
tested  at  the  low  strain  rate.  The  background  count  rate  for  our  electron 
detector  is  sufficiently  low  that  it  can  be  ignored;  the  much  larger  photon 
detector  background  count  rate  was  subtracted  from  the  acquired  data. 


Table  2.  Slow  Tensile  Loading— Notched  Sample 


al  Peak 
Electron  Electron  Photon  Photon 


Fig.  la  and  lb  show  the  electron  emission  from  two  samples  of  type 
BLX-1,  where  we  have  plotted  approximately  10  s  of  data.  The  rise  in  emission 
coincides  with  the  onset  of  crack  growth  and  the  most  intense  emission  is 
occurring  during  crack  growth.  The  results  in  Fig.  lb  shows  more  distinct 
after  emission  following  separation  {at  approx.  5  s  on  the  time  axis) .  Fig.  2 
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show  similar  EE  electron  emission  curves  for  two  BLX-3  specimens.  Note  the 
duration  of  emission  in  2b  is  somewhat  longer  than  in  2a;  this  is  due  to  a 
longer  time  of  crack  growth  for  that  particular  sample.  The  photon  emission 
for  BLX-3  was  negligible  compared  to  our  detector  noise  for  this  strain  rate 
and  the  BLX-1  material  yielded  only  a  small  peak  during  fracture. 

The  only  difference  bet'—  =n  BLX-1  and  BLX-3  is  the  particle  size  of  the 
RDX,  where  BLX-3  contains  the  smaller  particle  sizes.  Our  results  indicate 
that  there  is  a  slight  dependence  on  electron  and  photon  emi ssion  intensities 
on  this  parameter. 

Results  for  the  medium  speed  tensile  loading  (st:  Tin  rate  of  10/s)  are 
given  in  Table  3  for  four  of  the  formulations . 

Table  3.  Medium  Speed  Tensile  Loading — Electron,  Photon  Emission 


Sample 

Type 

Total 

Electron 

Count 
(in  100  s) 

Peak 

Electron 

Count 

Total 
Photon 
Count 
(0.1  s) 

Peak 

Photon 

Count 

BLX-1 

30,000 

11,000 

700 

600 

BLX-3 

17,000 

°,000 

2,000 

1,500 

BLX-8 

81,000 

5,000 

7,000 

700 

BLX-9 

400 

300 

1,600 

1,500 

Clearly,  the  higher  strain  rate  has  resulted  in  considerably  more 
omission  from  the  two  urethane  crosslinked  polybutadiene  formulations  (BLX-1 
and  BLX-3) .  Fig.  3  shows  the  electron  and  photon  emission,  measured 
simultaneously,  for  medium  rate  loading  of  BLX-1.  One  sees  a  single  channel 
of  photon  emission  in  coincidence  with  the  fracture  event  and  the  rapid  rise 


is  much  more  evident  at  this  higher  strain  rate.  Very  similar  curve  shapes 
are  seen  for  the  BLX-3  formulation,  as  seen  in  Fig.  4. 


The  tensile  inpact  or  fast  tensile  loading  results  are  summarized  in 
Table  4  (strain  rate  100/s) .  The  duration  of  the  fracture  event  is  estimated 
to  be  on  the  order  of  a  few  ms.  To  make  comparisons  of  total  counts  and  decay 
curves  with  the  other  strain  rates,  we  did  not  change  the  data  acquisition 
rate. 


Table  A.  Fast  Tensile  Loading — Electron  and  Photon  Emission 


Sample 

Type 

Total 

Electron 

Count 

Peak 

Electron 

Count 

Total 

Photon 

Count 

Peak 

Photon 

Count 

BLX-1 

400,000 

60,000 

BLX-3 

8,500 

900 

BLX-4 

1,300 

100 

BLX-6 

1,000 

1,200 

BLX-8 

400 

BLX-9 

250 

20 

In  the  cases  of  BLX-1  and  BLX-3,  we  again  observe  substantial 
increases  in  emission  intensity  with  strain  rate.  On  the  contrary,  BLX-8  and 
BLX-9  both  show  decreases  in  emission  intensity.  Also,  BLX-1  (containing 
larger  FDX  particles)  tended  to  be  much  more  emissive  than  BLX-3. 

Fig.  5  shows  the  electron  emission  and  photon  emission  (plotted  on 
different  time  scales)  for  BLX-1.  Both  peaks  occurred  in  coincidence  with  the 
fracture  event  and  the  photon  emission  shows  an  observable  decay  curve  shown 


on  the  faster  time  scale  (0.01  s/channel) .  Electron  emission  curves  for 
BLX-3,  BLX-4,  and  BLX-6  from  fast  tensile  loading  are  shown  in  Fig.  6. 

Compressional  impact  was  the  final  form  of  loading  examined  in  this 
study.  Such  impact  of  the  samples  lead  to  considerable  plastic  deformation 
with  expansion  of  the  material  out  of  the  "vise"  which  produces  considerable 
tensile  deformation  on  the  outer  surfaces.  In  Table  5,  we  summarize  the 
compressional  impact  results. 


material,  so  that  the  actual  emission  may  be  considerably  higher.  Fig.  8  show 
the  electron  emission  from  BLX-6  and  BLX-9,  loaded  in  ccnpressional  inpact. 

The  lower  intensities  and  shorter  decays  can  be  seen. 

One  piece  of  previously  unpublished  data  indicates  the  importance  of 
the  interface  in  the  BLX-1  and  BLX-3  formulations.  In  1983,  a  small  amount  of 
unfilled  R45M/IPDI  of  very  similar  composition  to  these  formulations  was 
provided  to  us  by  NW3.  We  tested  the  material  immediately  for  electron 
emission  under  the  condition  of  slow  tension;  the  results  are  shown  in  Fig.  9. 
The  arrow  indicates  the  onset  of  elongation;  the  time  of  fracture  is  also 
shown.  The  most  important  thing  to  notice  is  that  the  emission  intensity  is 
small:  100  s  of  emission  totals  approx.  500  counts. 

We  have  previously  shown  that  for  a  number  of  filled  polymers,  the 
occurrence  of  interfacial  failure  greatly  enhances  charged  particle  and  photon 
emission.  This  is  because  of  the  charge  separation  that  occurs  when 
dissimilar  materials  are  separated.  Such  an  effect  leads  to  charge  induced 
phenomena  such  as  electrical  breakdown  in  the  crack  tip,  causing  excitation  of 
the  surfaces  and  a  number  of  particle  and  photon  emission  processes  [1-6] .  It 
appears  that  similar  effects  are  occurring  in  the  filled  R45M/IPDI  specimens, 
and  we  expect  in  the  other  binders,  also,  albeit,  at  lower  levels  of  activity. 

OCNCLUSICNS 

We  have  shown  that  under  various  loading  conditions,  the  plastic 
bonded  explosives  studied  here  lead  to  detectable  electron  and  photon  emission 
acconpanying  and  following  fracture.  In  general,  the  BLX-1  and  BLX-3 
formulations  were  more  emissive,  with  slight  differences  between  than  for 
various  loading  conditions.  Of  the  remaining  formulations  tested,  BLX-8  was 
the  next  highest.  When  these  results  are  compared  with  the  mechanical 


properties  of  these  materials  measured  at  NWC  [7] ,  we  find  sane  interesting 
correlations.  We  feel  the  two  most  important  parameters  which  correlate  with 
our  tensile  test  results  are  the  tensile  stress  for  the  onset  of  dewetting  and 
the  tensile  stress  at  failure,  which  mechanically  are  themselves  intimately 
related.  BLX-1,  BLX-3,  and  BLX-8  showed  considerably  higher  values  for  these 
stresses.  These  higher  stresses  can  lead  to  much  more  energetic  and  rapid 
detachment  .of  the  binder  fron  the  filler  particles.  This  should  be  more 
effective  in  producing  charge  separation  on  the  fracture  surfaces  and 
therefore  induces  more  mission.  With  the  addition  to  the  plasticizer  BTTN  to 
the  GAP-RDX  (BLX-8)  formulation,  the  tensile  stress  at  fracture  was  reduced  by 
60%.  This  was  accompanied  by  a  80%  drop  in  the  peak  electron  emission. 

These  formulations  exhibited  considerable  dependence  in  their  mission 
intensities  with  the  rate  of  loading.  This  has  proven  to  be  the  case  for  a 
number  of  materials  studied  to  date,  including  filled  elastomers  and  epoxies, 
as  well  as  single  crystals  of  inorganic  and  organic  cotpounds.  Higher  rates 
of  loading  tends  to  cause  more  "damage”  to  the  material,  and  again  results  in 
faster  separation  between  the  freshly  created  fracture  surfaces.  Both 
consequences  can  contribute  to  the  increase  in  emission  intensity. 

Furthermore,  as  the  loading  becomes  increasingly  violent,  the  onset  of 
localized  instabilities  may  also  arise  and  contribute  to  the  mission  of 
particles.  It  is  of  considerable  interest  to  try  more  severe  loading 
conditions  and  examine  the  possible  influence  of  higher  rates  of  deformation 
on  the  various  fracto-emission  components. 
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FIGURE  OPTIONS 


Fig.  1.  a)  and  b) .  Electron  emission  accompanying  slow  tensile  testing  of 
two  BLX-1  samples.  The  emission  intensity  is  plotted  on  a  log 
scale. 

Fig.  2.  a)  and  b) .  Electron  emission  acconpanying  slow  tensile  testing  of 
two  BLX-3  samples. 

Fig.  3.  Simultaneous  measurements  of  the  electron  and  photon  emission  for 
medium  rate  of  tensile  testing  on  a  BLX-1  sarrple. 

Fig.  4.  Simultaneous  measurements  of  the  electron  and  photon  emission  for 
medium  rate  of  tensile  testing  on  a  BLX-3  sarrple. 

Fig.  5.  The  electron  and  photon  emission  accompanying  fast  tensile  testing 
of  BLX-1.  Note  the  different  time  scales. 

Fig.  6.  Electron  emission  curves  for  BLX-3,  BLX-4,  and  BLX-6  samples  under 
fast  tensile  test  conditions . 

Fig.  7.  Electron  emission  accompanying  impact  compression  of  a)  BLX-1  and 
b)  BLX-3. 

Fig.  8.  Electron  emission  for  BLX-6  and  BLX-9  loaded  in  canpressional 
impact. 

Fig.  9.  Electron  emission  for  unfilled  R43M/IPDM  (urethane  crosslinked 
polybutadiene)  tested  in  slow  tension. 
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FRACTURE 


IV.  FRACTO-EMISSICN  FRCM  THE  FAILURE  OF  METAL/EPOXY  INTERFACES 
(to  appear  in  J.  Vacuum  Science  and  Technology) 

t 

J.  T.  Dickinson,  L.  C.  Jensen,  and  S.  K.  Bhattacharya 
Department  of  Physics 
Washington  State  University 
Pullman,  WA  99164-2814 

ABSTRACT 

We  examine  the  electron  emission,  photon  emission,  and  long  wavelength 
electromagnetic  radiation  accompanying  the  failure  of  interfaces  between 
aluminum  and  epoxy.  Experimental  evidence  is  given  in  support  of  a  previously 
presented  model  involving  fracture  induced  micro-discharges  which  excite  the 
fracture  surfaces  by  particle  bombardment.  We  also  examine  the  influence  of 
an  applied  potential  across  the  fracture  surface  at  an  Al/epoxy  interface  and 
present  evidence  for  electrical  breakdown  in  vacuum  caused  by  fracto-emission. 

INTRCDOCTICN 

When  fracture  occurs  in  materials,  emission  of  various  types  can 
occur;  this  mission  is  particularly  apparent  when  new  free  surfaces  are  being 
formed.  The  types  of  mission  observed  include  the  release  of  electrons, 
ions,  neutral  molecules,  and  photons  (often  referred  to  as  tribo- 
luminescence) .  We  call  such  emission  " fracto-emission"  (FE)  to  emphasize  the 
fact  that  some  form  of  crack  growth  is  a  requirement  for  its  occurrence. 

In  recent  papers1  ^  we  have  outlined  a  physical  model  for  the  emission 
of  charged  particles  following  fracture  of  solids  in  vacuum,  particularly  in 
cases  where  a  high  degree  of  charge  separation  occurs.  For  example,  when  a 
polymer  such  as  polybutadiene  (BR) ,  initially  adhering  to  a  glass  surface 
(either  in  the  form  of  a  macroscopic,  planar  glass  surface  or  small  spherical 
filler  particles) ,  is  separated  in  vacuum  from  the  glass,  intense  long  lasting 

C  C. 

electron  emission  (EE)  and  positive  ion  emission  (PIE)  are  observed.  '  In 
such  instances  we  also  observe  easily  detectable  photon  emission  (phE)  and 


long  wavelength  electromagnetic  radiation  (RE  —  for  radiowave  emission) 
during  fracture  indicating  the  occurrence  of  a  small  gaseous  discharge  in  the 
crack.  The  necessary  gas  in  the  region  where  this  micro-discharge  occurs 

7 

consists  of  molecules  evolving  from  the  sample  as  the  fracture  takes  place. 

These  gases  either  cane  fran  occluded  volatiles  or  fran  actual  fracture 

fragments  produced  by  bond  scissions.  The  presence  of  these  gases  and  an 

electric  field  due  to  charge  separation  (in  the  case  of  dissimilar  materials, 

this  is  due  to  contact  charging)  results  in  gaseous  breakdown  in  the 

relatively  close  dimensions  of  the  crack-tip  during  fracture . 

This  micro-discharge  causes  ionization  of  the  gases  in  the  crack-tip 

yielding  high  concentrations  of  electrons  and  positive  ions  which  are 

attracted  to  and  strike  the  crack  walls.  Bombardment  of  the  fresh  crack  walls 

creates  primary  excitations,  usually  explained  in  insulators  in  terms  of 

electron-hole  production,  raising  electrons  into  traps  near  conduction  band 

energy  levels.  The  recombination  of  electrons  and  "holes"  is  a  thermally 

stimulated  process  and  can  yield  an  emitted  electron  (thermally  stimulated 

8  9 

electron  emission  (TSEE)),  via  an  Auger  Process,  or  a  photon,  e.g., 

thermally  stimulated  luminescence  (TSL) 10  (we  place  quotation  marks  around 

hole  because  at  present  we  do  not  know  the  nature  of  this  recombination  center 

in  polymers  such  as  polybutadiene  and  epoxy;  it  may  be  simply  a  positive  ion 

11  12 

in  the  polymer,  as  suggested  by  Partridge  and  Bohm  ) .  Furthermore,  a 

portion  of  the  electron  emission  may  be  attracted  back  to  the  fracture  surface 

due  to  variations  in  the  density  and  sign  of  the  charge  distributions  (i.e. 

charge  patches)  strike  the  surface  and  thereby  produce  PIE  via  an  electron 

13 

stimulated  desorption  (ESD)  mechanism.  In  addition,  the  positive  ions  can 
be  neutralized  as  they  escape  from  the  fracture  surface  and  leave  in  an 


excited  state  (e.g. ,  a  metastable  molecule)/  forming  a  component  of  FE  which 

*  14 

we  call  excited  neutral  emission  (NE  ) . 

i 

In  light  of  this  model,  we  were  lead  to  two  interesting  questions 
related  to  charge  separation  which  we  would  like  to  probe  in  this  paper: 

1)  Would  a  metal/epoxy  interface  yield  evidence  of  intense  EE,  phE,  and  RE  as 
expected  for  a  system  where  charge  separation  should  readily  occur? 

2)  For  such  interfacial  failure,  what  would  be  the  results  of  applying  an 
external  potential  across  the  interface  before  and  during  fracture;  i.e. , 
could  the  E-field  lead  to  stronger  charge  separation  and  thus  more  intense 
mission? 

The  results  of  these  studies  have  considerable  relevancy  to  studying  failure 
mechanisms  in  bonded  aluminum  structures  and  other  adhesive  systems.  In 
addition,  we  show  for  the  first  time  that  fracto-emission  can  actually  induce 
in  a  vacuum  electrical  breakdown  on  a  macroscopic  scale. 

EXEBUME2U3VL 

The  metcil  epoxy  system  consisted  of  two  pieces  of  aluminum  40  mm  x  20 
n*n  x  2  mm  with  alrrmx2mmx20mm  gap  between  than  filled  with  Devcon  5 
minute  epoxy.  One  Al  piece  was  machined  smooth  and  cleaned  with  acetone, 
presumably  with  a  natural  oxide  layer  formed  prior  to  bonding.  The  other 
piece  of  Al  was  etched  in  dilute  nitric  acid  for  12  hours  then  rinsed  in 
distilled  water  and  cleaned  in  acetone.  A  simple  mold  was  used  to  hold  the 
epoxy  resin  during  curing  which  was  carried  out  in  an  oven  at  75  C  for  8 
hours.  For  testing,  the  sample  was  mounted  in  insulated  grips  and  pulled  in 
tension.  A  high  voltage  could  be  applied  to  the  Al  pieces,  thus  producing  a 


field  in  the  gap,  similar  to  a  parallel  plate  capacitor  filled  with  a 
dielectric.  Furthermore,  due  to  the  A1  surface  preparation,  the  failure  was 
always  on  the  unetched  side  of  the  epoxy.  Thus,  we  could  selectively  apply 
either  a  positive  or  negative  potential  to  the  unetched  side  of  the  capacitor. 
Unless  otherwise  stated,  the  unetched  side  was  at  a  negative  potential  and  the 
etched  side  was  grounded. 

The  EE  was  detected  with  a  Galileo  Electro-optics  Channeltron  Electron 
Multiplier  (CEM)  which  produces  fast  (10ns)  pulses  with  approximately  90% 
absolute  detection  efficiency.  Background  noise  counts  ranged  from  one  to  ten 
counts/second. 

A  Thom  EMI  9924®  photcmutiplier  tube  (PMT)  with  a  bialkali 
photosensitive  surface  and  background  count  rate  of  1000  counts/second,  placed 
within  one  centimeter  of  the  sample,  was  used  to  detect  the  visible  photons. 
Standard  nuclear  physics  data  acquisition  techniques  were  used  to  count  and 
store  the  EE  and  phE  pulses  as  a  function  of  tine.  All  experiments  were 
carried  out  in  a  vacuum  system  at  a  pressure  of  1x10  ^  Pa. 

The  electromagnetic  waves  (PE)  were  detected  with  a  20,000  turn 
solenoid  of  No.  30  magnet  wire  placed  2  mm  from  the  sample.  Such  an  antenna 
couples  to  a  changing  B  field.  It  should  be  emphasized  that  this  arrangement 
is  detecting  the  near- field  electromagnetic  emission  because  of  the  close 
proximity  of  the  solenoid  to  the  source.  The  intensity  of  these  oscillating 
fields  is  so  weak  that  we  would  not  be  able  to  detect  then  at  distances  of 
several  wavelengths.  Such  measurements  would  have  to  be  made  to  assure 
absolutely  that  a  true  radiation  field  existed.  Our  major  interest  here  is 
finding  evidence  of  a  micro-discharge  during  fracture  and  we  attribute  the 
changing  B  fields  acccnpanying  fracture  to  such  a  breakdown.  The  accompanying 
burst  of  photons  reinforces  this  interpretation.1  The  coil  was  connected  to 


the  input  of  a  wide-band  differential  amplifier  with  high  common  mode 
rejection  to  minimize  pick-up  noise.  The  ringing  frequency  of  the 
coil/circuit  was  8  kHz;  it  should  be  noted  that  using  other  coils/circuits,  we 
have  detected  signals  up  to  500  kHz.  The  signal  was  digitized  once  every  20 
jus  and  stored  on  a  computer  over  the  duration  of  the  experiment  (approximately 
100  ms) .  In  sane  cases,  the  RE  signal  was  squared  so  that  the  appearance  of  a 
positive  rise  provided  a  sensitive  probe  of  the  occurrence  of  RE  and  the 
initial  rise  of  the  RE  signal  could  be  correlated  in  time  with  the  EE.  For 
some  applications,  it  was  necessary  to  reduce  substantially  the  amplifier 
gains  to  prevent  saturation  when  the  RE  signals  were  very  large. 

RESULTS  AC  DISCUSSION 

As  intended,  the  fracture  of  the  Al /epoxy  sanples  always  occurred  at 
the  interface  between  the  unetched  metal  surface  and  the  epoxy.  The 
accompanying  emission,  EE,  phE  and  RE,  with  0  V  applied  across  the  sample,  is 
shown  in  Fig.  1.  On  this  time  scale  the  digitized  RE  signal,  which  has  been 
squared  and  the  background  subtracted,  shows  up  as  a  single  point  lined  up  in 
time  with  the  other  signals.  The  EE  and  phE  signals  (shown  on  a  log  scale) 
sure  typical  of  the  emission  from  many  materials  involving  adhesive  failure 
(and  therefore  charge  separation  due  to  contact  charging)  with  an  intense  peak 
during  fracture  and  continued  emission  for  many  minutes  after  fracture.  In 
Fig.  2,  we  show  the  effect  on  the  EE  when  a  potential  difference  of  1500  V  is 
applied  across  the  sample  as  compared  to  0  V;  (the  high  voltage  was  removed  a 
few  seconds  after  fracture)  With  the  potential,  the  emission  intensity 
increases  two  orders  of  magnitude  over  the  EE  with  0  V.  Note  that  the  time 
dependence  of  the  decay  curves  renains  the  same.  With  a  potential  difference 
applied  to  the  sample,  the  discharge  events  appear  to  be  stronger  and/or  occur 


more  frequently,  presumably  due  to  higher  surface  potentials  and  charge 
separation  compared  to  zero  external  field.  More  discharge  events  and 
possibly  more  intense  events  during  the  fracture  leads  to  more  bombardment  of 
the  surface  and  thus  more  intense,  longer  lasting  emission  decay  curves. 

Comparing  the  results  shown  in  Fig.  3,  we  see  the  increase  in  the 
intensity  of  EE,  RE,  and  phE  for  0  V  and  500  V  applied  across  the  sample 
during  fracture .  All  sensitivities,  amplifier  gains,  etc.  are  the  same  for 
both  situations .  The  EE  data  was  multichannel  scaled  at  a  time  interval  of  2 
yus/ch,  while  simultaneously  the  phE  and  RE  were  digitized  at  a  rate  of  1 
/us/ch.  Every  tenth  channel  of  the  data  is  displayed  in  Fig.  3.  When  the 
sample  with  the  500  V  applied  was  fractured  the  EE  intensity  during  and 
immediately  following  fracture  was  so  high  that  it  completely  saturated  the 
OEM  for  approximately  5  ms,  at  which  time  it  begins  to  recover  and  shows  count 
rates  well  above  4  Mhz  <8  counts/ channel) .  This  saturation  occurs  at 
countrates  above  20  Mhz  (40  counts /channel )  because  the  OEM  gain  drops  due  to 
the  excessive  demand  for  current.  The  gain  decreases  to  the  point  where  the 
output  pulses  are  below  a  discriminator  level  and  therefore  the  count  rate 
recorded  drops  essentially  to  zero.  Once  the  count  rate  decreases,  the  OEM 
recovers  which  produces  the  increasing  signals  at  times  of  2  ms  (0  V)  and  4  ms 
(500  V) .  On  a  slower  time  scale,  the  resulting  EE  data  shows  the  normal  decay 
curve  with  the  total  number  of  electron  counts  approximately  ten  times  greater 
for  the  500  V  sample  compared  to  the  sample  broken  with  no  voltage  applied. 

The  RE  signal  went  from  30  mV  peak-to-peak  to  more  than  1  volt  peak-to-peak 
(actually  saturated) ,  and  the  phE  increased  considerably.  Thus  we  observe 
"coincidence"  in  the  onset  of  all  three  types  of  emission  for  both  voltages, 
plus  significant  increases  in  the  intensity  of  all  three  signals  when  the 
voltages  are  present. 
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A  closer  look  at  the  phE  accompanying  failure  of  the  A1 /Epoxy 
interface  vs  applied  voltage  at  higher  voltage  across  the  dielectric  and 
higher  PMT  gain  is  shown  in  Fig.  4.  The  flat  peak  in  the  phE  in  Fig.  4  at  the 
higher  voltages  was  due  to  amplifier  saturation.  With  increasing  potential, 
we  see  on  this  fast  time  scale  the  initial  phE  stays  relatively  unchanged. 

This  light  is  the  "naturally  occurring"  phE  from  failure  of  the  interface. 
However,  with  increasing  potentials,  additional  phE  occurs  which  increases 
dramatically  in  intensity  and  occurs  earlier  in  time  relative  to  crack  growth, 
which  we  have  shown  to  be  aligned  in  time  with  the  initial  rise  of  the  phE. 
Above  a  few  hundred  volts,  the  phE  intensities  are  far  too  intense  for  the 
PMT.  What  is  occurring  is  fracture- induced  electrical  breakdown.  Time 
exposures  of  the  sample  taken  during  fracture  with  a  35  mm  camera  and 
Ektachrome  film  (ASA  400)  show  that  this  breakdown  is  occurring  in  the  gap 
between  the  fracture  surfaces .  These  potentials  are  far  too  small  to  produce 
vacuum  breakdown  without  the  assistance  of  the  fracture  event.  We  propose 
that  the  combination  of  the  relatively  intense  charged  particle  omission  and 
neutral  particle  emission  accompanying  fracture  is  responsible  for  triggering 
this  resulting  electrical  breakdown.  In  earlier  work, ^  we  showed  that 
fracture  could  induce  electrical  breakdown  in  air  by  a  similar  mechanism. 

Finally,  we  mention  that  with  variations  in  the  applied  potential,  the 
intensities  of  EE  decay  tails  also  tended  to  increase.  Furthermore,  when  we 
reversed  the  polarity,  with  the  unetched  A1  positive,  (over  a  range  of  200- 
1500  V)  the  EE  and  phE  increased  to  a  slightly  higher  degree  than  with  the 
negative  potential.  It  is  possible  that  at  lower  potentials,  manipulation  of 
the  surface  charges  on  the  metal /epoxy  interfaces  might  lead  to  a  decrease  in 
the  amission  intensities  compared  to  0  V.  Also,  at  one  potential  and 
polarity  (-1500  V)  we  determined  that  there  was  a  linear  increase  in  the  EE 


intensity  with,  increased  strength  of  the  bonded  joint  as  measured  with  stress 
gauge. 


OCNCUDSICN 

To  summarize,  we  have  examined  the  EE  and  phE  from  two  systems  wherein 
the  interface  between  a  dielectric  in  good  contact  with  a  metal  surface 
undergoes  failure.  Our  results  show  the  following: 

1)  In  the  case  of  0  volts  applied  across  the  dielectric,  we  obtained  on  a 
slow  time  scale  "coincident"  rise  in  EE,  phE,  and  BE  with  fracture.  Both 
the  EE  and  phE  also  exhibited  slow  decay  similar  to  the  results  we  have 
reported  earlier  on  other  interfacial  failure  systems.6  Earlier  studies5 
show  that  this  after-emission  is  a  thermally  stimulated  process  and  is  fit 
by  a  sinple  trap  model. 

2)  In  the  case  of  the  Al /epoxy  system,  when  an  external  electric  field  is 
added,  we  found  that  the  after-emission  is  substantially  increased  due  to 
a  more  intense  discharge  that  occurs  during  fracture. 

3)  At  voltages  of  a  few  hundred  volts  across  1  mm  gaps  of  epoxy,  fracture 
actually  induced  electrical  breakdown  which  could  sustain  itself  for 
several  hundred  microseconds  after  fracture;  this  breakdown  occurred  in 
the  gap  between  the  fracture  surfaces,  i.e. ,  between  the  metal  and  epoxy. 

4)  The  instant  of  breakdown  occurred  during  fracture  and  in  time  moved  closer 
to  the  onset  of  fracture  with  increasing  applied  voltage.  We  prepose  that 
this  breakdown  is  triggered  by  the  electron  and  ion  emission  acconpanying 
fracture . 
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5)  The  intensities  of  the  EE  and  phE  after-emission  were  found  to  depend  on 
the  magnitude  of  the  applied  potential  and  the  polarity.  Also,  with  -1500 
V  applied,  there  was  also  a  linear  dependence  of  the  EE  intensity  on  the 
strength  of  the  joint. 
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Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


FIGURE  CAPTIONS 


Simultaneous  emission  of  electrons  (EE) ,  photons  (phE) ,  and  long 
wavelength  radiation  (RE)  accompanying  the  fracture  of  an  Al/Epoxy 
interface.  The  intensities  are  plotted  on  a  logarithmic  scale. 


The  decaying  "tails"  of  the  electron  emission  accompanying  failure  of 
Al/Epoxy  interfaces  for  0  V  and  500  V  applied  across  the  dielectric. 
Immediately  following  fracture  the  voltage  was  quickly  reduced  to  0. 
The  data  shown  here  begins  5  seconds  after  fracture  and  removal  of 
the  voltage. 


.  EE,  phE,  and  RE,  taken  with  the  same  sensitivities  and  detector 
positions,  are  shown  for  two  Al/Epoxy  sanples  fractured  with  0  V  and 
500  V  applied  across  the  interface,  respectively  .  The  arrows 
indicate  the  onset  of  fracture.  The  "window"  on  the  0  V  RE  shows  the 
small  ringing  signal  in  more  detail.  Note  that  a  number  of  the 
signals  are  saturated.  The  large  increase  in  intensity  is  due  to 
electrical  breakdown  in  the  crack  during  and  following  fracture. 


.  The  build-up  of  the  intensity  of  the  fracture-induced  electrical 
breakdown  during  failure  of  the  Al/Epoxy  interface  with  increasing 
voltage  across  the  dielectric  can  be  seen  in  the  accompanying  phE 
shown  here. 
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V.  TDC  AND  SIZE  CORREIAITCNS  OF  PHOTCN  AND  RADICWAVE  BURSTS  FROM  PEELING 

.  h 

PRESSURE  SENSITIVE  ADHESIVES  IN  AIR 


E.  E.  Donaldson,  J.  T.  Dickinson,  and  X.  A.  Shen 
Department  of  Physics 
Washington  State  University 
Pullman,  VIA  99164-2814 


ABSTRACT 

During  separation  in  air  of  an  adhesive  from  a  polymer  substrate  we 
have  observed  intense  bursts  of  photons  (phE  for  photon  emission)  and  long 
wavelength  electromagnetic  radiation  (PE-for  radiowave  emission) ,  similar  to 
those  reported  earlier  by  Deryagin,  et  al.  In  this  paper  we  present  detailed 
measurements  of  phE  time  distributions  as  well  as  time  and  size  correlations 
between  bursts  of  phE  and  RE.  These  results  support  the  view  that  patches  of 
electrical  charge  produced  by  charge  separation  between  dissimilar  materials 
lead  to  gaseous  breakdown  in  and  near  the  crack  tip.  we  discuss  the  role  of 
these  discharges  in  producing  sustained  phE  after  the  discharge  has  been 
extinguished. 


Keywords:  Fracture,  Adhesive  Failure,  Fracto-Emission,  Tribo luminescence , 
Photon  Emission,  Electromagnetic  Radiation,  Contact  Charging,  Electrical 
Charge  Separation,  Gaseous  Breakdown,  Microdischarge. 


INTRCDUCTICN 


The  emission  of  a  wide  variety  of  particles  and  radiation  has  been 

1-14 

observed  acconpanying  the  fracture  of  a  number  of  materials.  The  range  of 
materials  from  which  such  emission  has  been  detected  include  crystalline 
materials  such  as  alkali  halides  and  metal  oxides,  polymers  and  composites,  as 
well  as  several  interfaces,  including  those  involving  adhesives.  The  types  of 
emission  observed  include  electrons,  positive  ions,  neutral  atoms  and 
molecules,  and  radiation  consisting  of  visible  photons  (phE)  and  long 
wavelength  electromagnetic  radiation  [radio  emission  (RE) ] .  The  collective 
term  describing  all  of  these  emissions  is  "fractoemission”  because  fracture 
appears  to  be  a  necessary  prerequisite  for  its  occurrence. 


We  have  recently  presented  a  model  which  explains  the  intense 
long  lasting  electron,  positive  ion,  and  photon  emission  observed  during 

l 

adhesive  failure.  The  sequence  of  events  producing  this  intense  emission  is 
initiated  or  triggered  by  the  electrical  charge  separation  which  is  produced 
when  fracture  occurs  between  dissimilar  materials.  This  separation  of  charge 
results  in  discharges  in  the  vicinity  of  the  detachment  line  or  crack  tip. 
These  discharges  cause  excitation  of  the  newly  created  fracture  surfaces  as 
well  as  any  gases  present.  The  microdischarges  themselves  produce  phE  and  RE 
directly.  In  addition,  these  discharges  lead  to  particle  bombardment  of  the 
newly  created  fracture  surfaces,  thereby  exciting  than.  The  de-excitation  of 
these  surfaces  via  thermally  stimulated  relaxation  leads  to  sustained  emission 
following  the  discharge. 

The  production  of  radiation  during  the  failure  of  an  adhesive  joint 

has  been  previously  observed.  Deryagin15  and  co-workers  reported  that  such 

failure  produces  light  and  radio  frequency  radiation  in  the  form  of  bursts. 

They  showed  that  these  bursts  were  produced  simultaneously  and  have  the  same 
-3  -4 

duration  (about  10  to  10  s) . 

16  17 

Deryagin,  Skinner  ,  and  Huntsberger  have  examined  the  role  of 
electrostatic  forces  as  part  of  the  work  of  adhesion.  Clearly  these  forces 
exist  and  may  be  perceptible  in  sane  cases;  however,  Huntsberger17  concludes 
that  electrostatic  contributions  to  adhesion  will  generally  be  negligible. 

In  this  work  we  examine  the  peeling  of  a  corm»on  pressure  sensitive 
adhesive,  focusing  on  a  detailed  characterization  of  the  time  distributions  of 
the  phE  bursts  as  well  as  the  time  and  intensity  correlations  of  the  phE  and 
RE  bursts.  We  also  propose  more  detailed  phE  (or  triboluminescence) 
mechanisms  in  light  of  these  results. 
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These  experiments  were  conducted  in  air  at  22  +  2  C;  similar 
experiments  carried  out  in  vacuum  are  in  progress.  Working  in  air  we  are 
limited  to  the  detection  of  two  kinds  of  fract ©emission;  namely,  phE  and  RE, 
which  have  detectors  operable  in  air.  There  are  several  distinct  advantages 
of  conducting  experiments  in  air;  pump  down  delays  are  eliminated;  it  is 
easier  to  refrigerate  the  PMT  and  decrease  dramatically  its  background  count 
rate;  and  the  mechanical  apparatus  was  simpler  to  operate  in  air.  Finally, 
most  practical  fracture  problems  are  encountered  in  air  so  that  any  improved 
knowledge  of  fracture  in  air  could  be  used  in  applications  more  readily. 

The  charge  separation  which  leads  to  microdischarges  and 
fractoemission  may  arise  in  a  range  of  situations  including  adhesive  failure 
and  the  breaking  of  chemical  bonds.  In  addition  to  possible  applications  to 
the  investigation  of  failure  mechanisms  of  adhesives,  these  studies  of 
fractoemission  in  air  may  also  be  applicable  to  the  production  and  processing 
of  pressure  sensitive  adhesives  as  well  as  to  a  variety  of  tribology  problems 
in  which  surface  charges  are  produced. 

EXFE3UM-NEAL 

We  selected  3M  Scotch  Brand  Filament  Tape  No.  893  as  a  test  material. 
The  adhesive  is  a  natural  rubber  combined  with  varying  amounts  of  a  tackifying 
agent  which  is  a  hydrocarbon  resin  appearing  to  be  terpene  based.  More 
tackifier  is  used  on  the  face  of  the  adhesive  and  less  in  the  saturating  layer 
binding  the  filaments  to  the  backing.  The  polyester  tape  backing  has  been 
treated  with  a  release  coating  with  a  critical  surface  tension  for  wetting  of 
approximately  21  dyne/cm.  The  advantages  of  this  choice  of  material  were  its 
availability,  the  reproducibility  of  results  in  aiir,  and  its  tendency  to 
produce  copious  emission.  Similar  tests  on  other  adhesive-polymer  systems 


showed  that  a  number  of  these  observations  were  also  applicable  to  a  wide 
range  of  materials. 

The  geometry  of  the  peeling  and  detectors  is  shown  in  Fig.  1.  The 
loading  was  basically  that  of  a  T-peel  test.  Saitples  were  composed  of 
multiple  layers  of  tape  and  separated  on  the  axis  by  the  two  spools.  The 
samples  were  arranged  so  that  separation  could  be  produced  either  between  the 
isoprene  based  adhesive  layers  of  two  tapes  or  between  the  adhesive  of  one 
tape  and  the  release  coated  polyester  backing  of  a  second  tape.  A  third 
failure  mode  involved  the  delamination  of  the  glass  filament  layer  from  the 
backing  of  a  single  layer  of  tape.  During  delamination,  the  filaments 
appeared  to  separate  cleanly  from  the  inner  filament-saturating  adhesive  layer 
and  this  produced  mission  characteristic  of  the  glass  filament-adhesive 
interface. 

The  peel  forces  for  this  tape  were  measured  in  a  T  peel  configuration 
at  a  laboratory  temperature  of  22  C.  The  average  peel  force  was  lowest  at 
slow  peel  speeds  (<  1  mtn/s)  and  higher  at  greater  peel  speeds  (3  an/s) .  For 
the  three  tape  assemblies  just  described,  the  ranges  of  peel  force  were: 

Two  Adhesive  Layers  Together,  310  -  840  grams  (weight) /an; 

One  Layer  on  Coated  Backing,  50  -  240  grams  (weight) /cm; 

Delamination  of  Filaments,  240  -  470  grams  (weight)  /an. 

For  detection  of  BE,  a  flat  coil  with  an  inductance  of  0.77  mH  was 

placed  several  an  in  front  of  the  tape  separation  zone  (see  Fig.  1) . 

Electrical  discharges  in  the  vicinity  of  the  coil  are  like  rapidly  oscillating 
charged  particles,  which  produce  radiation.  Because  of  our  proximity  to  the 
source,  the  coil  is  sensitive  to  the  changing  B  field  of  what  is  known  as  the 
near  field.  The  response  of  the  coil  circuit  to  this  stimulation  is  an 
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oscillation  at  a  characteristic  frequency  of  400  KHz.  These  oscillations  are 
damped  in  time  with  an  initial  anplitude  of  1  to  10  mV  with  the  largest 
lasting  for  nearly  100  /is .  We  refer  to  these  ring-down  oscillations  as  RE 
bursts/  realizing  that  the  actual  electromagnetic  pulse  is  much  shorter. 

The  RE  bursts  were  amplified  by  a  wide  band  differential  amplifier 
with  low  noise  and  high  gain.  The  amplified  signal  then  entered  a 
discriminator  which  produced  a  clean  pulse  every  time  an  oscillation  occurred 
above  the  discriminator  threshold/  usually  set  just  above  the  noise.  These 
pulses  could  then  be  counted;  large  anplitude  RE  bursts  produced  more  counts. 
It  was  also  possible  to  derive  a  single  pulse  at  the  instant  of  the  initial 
rise  of  each  RE  burst.  These  single  pulses  could  be  used  to  count  the  number 
of  RE  bursts  or  to  trigger  various  circuits.  The  ringing  of  the  RE  bursts 
necessitated  a  100  /is  dead  time  between  detection  of  individual  successive 
bursts. 

A  quartz  lens  gathered  light  to  the  centred  region  of  the 

photomultiplier  tube  [EMI  9816BQ] ,  which  was  operated  at  -40  C  to  reduce  the 

background  or  dark  count  rate.  The  PMT  had  a  quantum  efficiency  of 

approximately  10  percent  so  the  overall  detection  efficiency  for  photons 

-2 

coming  from  the  peel  region  was  approximately  10  .  The  background  was  10 

counts/s  with  all  light  leaks  eliminated. 

The  thermoelectric  refrigerator  and  PMT  housing  was  provided  with  an 
integral  anplifier-discriminator  which  shaped  the  PMT  pulses  into  2V  pulses 
about  0.07  /is  wide.  At  low  instantaneous  levels  of  phE,  pulses  from  the  PMT 
and  its  integral  anplifier-discriminator  could  be  used  directly  in  a  pulse 
counting  mode.  Thus,  these  pulses  were  fed  into  a  multichannel  scaler  which 
provided  a  direct  measure  of  counts  vs  time.  When  the  count  rate  exceeded  10 
counts/s,  the  anplifier-discriminator  overloaded  and  an  analog  current 
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measurement  was  used.  In  this  technique  the  PMT  output  for  a  large  burst  of 

•  » 

photons  was  treated  like  a  rapidly  changing  IX  current.  After  converting  this 
current  to  a  voltage  (by  passing  it  through  a  resistor) ,  the  resulting  signal 
could  be  anplified  by  a  fast  DC  amplifier  [EGG  Ortec  579,  <5  ns  rise  time] . 
This  anplified  signal  was  then  digitized  at  time  intervals  of  50- 
100  ns/channel,  using  a  LeCroy  2256-AS  Waveform  Digitizer.  One  advantage  to 
this  technique  is  that  the  PMT  gain  can  be  adjusted  to  prevent  saturation  when 
examining  the  larger  bursts. 

In  one  series  of  experiments  the  RE  bursts  were  also  digitized  at  100 
ns/channel  so  that  the  maximum  anplitude  of  each  burst  could  be  measured. 

The  data  from  the  RE  and  phE  signals  were  stored  in  a  LeCroy  3500  Data 
Acquisition  System.  All  of  the  experiments  were  conducted  in  room  air  at  1 
atmosphere  of  pressure  unless  otherwise  specified. 

RESULTS 

Time  Correlations 

When  the  adhesive  is  peeled  from  the  release  coated  polyester  backing 
(substrate)  copious  phE  and  RE  are  observed.  In  Fig.  2  we  show  simultaneous 
phE  and  RE  measurements .  The  emission  occurring  in  the  first  10  s  of  the 
plots  was  for  a  peel  speed  of  35  mm/s.  Qualitatively,  the  emission  increased 
at  the  onset  of  peeling  and  decreased  rapidly  when  peeling  was  stopped. 
However,  careful  examination  showed  that  emission  continued  after  the 
displacement  of  the  ends  of  the  specimen  was  stopped,  principally  from 
additional  peeling  due  to  relaxation  of  the  tape. 

The  emission  rising  at  approximately  25  s  on  the  plots  in  Fig.  2  was 
for  a  second  peel  at  a  slower  speed  (5  mm/s) .  This  shows  the  strong 
dependence  of  phE  and  RE  intensity  on  the  rate  of  separation  of  the  adhesive 


from  the  substrate.  This  effect  is  similar  to  what  we  observed  earlier  in  the 
phE  for  the  same  system  and ‘for  interply  delamination  in  Kevlar-Epoxy 
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composites .  In  general,  the  largest  maxima  in  the  phE  and  PE  shown  in  Fig.  2 
appear  to  occur  simultaneously. 

In  Fig.  3,  we  compare  on  the  same  plot  the  decay  of  the  photons  and  RE 
after  the  displacement  was  stopped  (shown  by  the  arrow)  .  The  RE  curve  shown 
as  a  solid  line  is  a  fit  to  the  data.  The  phE  that  remains  after  the  RE  falls 
is  a  real  "after-glow"  and  is  seen  to  last  on  the  order  of  seconds.  It  should 
be  mentioned  that  if  ones  eyes  are  dark  adapted,  both  the  phE  during  peeling 
and  the  "after-glow"  can  be  easily  seen. 

Fig.  4  shows  RE  and  phE  measurements  on  a  faster  time  scale  (O.Ol 

s /channel) .  We  find  "oscillations"  in  both  the  RE  and  phE  rates,  which  rise 

and  fall  simultaneously.  This  irregular  character  in  Fig.  4  corresponds  to 

the  patchwise  failure  of  the  adhesive  in  an  oscillating  or  low  peel  rate 
18  19 

"stick-slip”  mode,  '  an  effect  which  is  accentuated  by  the  presence  of  the 
fibers  and  stiffness  of  the  adhesive.  The  peaks  in  the  emission  correspond  to 
"slip"  and  the  valleys  correspond  to  "stick". 

Upon  examination  of  this  emission  on  yet  a  faster  time  scale,  one 
finds  that  emission  such  as  seen  in  Figures  2  and  4  actually  consist  of  a 
superposition  of  many  much  faster  RE  and  phE  bursts.  In  order  to  prevent 
pile-up  of  these  bursts,  we  conducted  experiments  at  much  slower  peeling 
speeds  (1-2  ntn/s) . 

In  Fig.  5  we  show  typical  photon  bursts  measured  at  100  ps/channel . 

We  note  that  bursts  of  photons  appear  to  rise  in  a  single  channel  and  decay  in 
times  of  approximately  150  ps.  Although  not  evident  here,  we  were  able  to 


show  that  the  majority  of  these  bursts  were  saturating  our  detector 
electronics  so  that  in  fact  they  are  often  are  considerably  larger. 

Time  correlations  between  these  PE  and  phE  could  be  investigated  using 
standard  coincidence  electronics.  However,  due  to  the  relatively  long 
duration  of  both  the  ringing  signals  from  the  PE  and  the  phE  decay,  one  would 
only  learn  that  the  two  types  of  bursts  were  accompanying  one  another. 

Instead,  we  chose  to  trigger  the  multichannel  scaler  with  a  pulse  near  the 
onset  of  the  PE  burst  and  count  the  accompanying  photons.  If  indeed  the  two 
bursts  occur  "simultaneously"  one  should  observe  a  peak  at  or  near  the  RE 
trigger.  In  this  experiment,  the  data  was  accumulated  at  1  /os /channel  and  the 
process  repeated  for  a  number  of  PE  trigger  pulses  where  each  phE  burst  is 
added  on  top  of  the  preceding  bursts.  The  results  are  shown  in  Fig.  6, 
indicating,  indeed,  a  correlation  between  the  RE  and  phE  bursts. 

We  also  see  that  there  is  a  characteristic  time  distribution  of  phE 
accompanying  the  RE  bursts.  The  problem  with  the  data  in  Fig.  6  is  that  the 
rise  in  intensity  from  t  =  0,  or  perhaps  better  put,  the  depression  of  the 
intensity  near  t  =  0,  is  an  artifact  of  the  very  high  photon  counting  rates 
accompanying  and  immediately  following  the  RE  trigger,  again  due  to  the 
saturation  of  the  phE  detector  electronics .  At  approximately  10  /as  after  the 
trigger  pulse  the  electronics  recovers;  the  points  beyond  this  time  represent 
the  actual  decay  in  the  photon  count  rate  relative  to  the  RE  burst  on  the  time 
scale  of  several  /as.  We  suggest  that  this  curve  eventually  blends  into  the 
tail  shown  in  Fig.  3.  At  this  point  it  is  not  clear  whether  one  single 
kinetics  law  could  be  used  to  fit  this  decay  curve  over  such  a  wide  range  of 
times;  we  note  here  that  the  curve  in  Fig.  6  is  non-linear  on  a  log  scale  and 
will  comment  further  on  these  results  in  a  later  section. 
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An  improved  phE  time  distribution  was  obtained  by  treating  the  signal 
in  an  analog  rather  than  digital  mode,  using  a  fast  anplifier  and  a  digitizer 
as  described  above.  The  RE  trigger  served  as  a  convenient  stop  pulse  for  the 
digitizer.  The  digitized  current  frcnf  a  single  phE  burst  is  shown  in  Fig.  7, 
obtained  at  50  ns/channel.  As  before,  we  repeatedly  ran  into  saturation 
problems  during  the  first  few  channels  of  the  burst.  On  occasion,  we  would 
obtain  a  small  unsaturated  phE  burst  which  showed  only  the  initial  part  of  the 
emission  (200-300  ns  wide,  rising  in  50  ns  or  less) .  By  matching  the  "tail" 
of  this  emission  with  the  curve  of  Fig.  7  we  are  able  to  obtain  a  "composite" 
time  distribution  for  the  first  50  jus  of  the  burst,  which  is  shown  in  Fig.  8 
(note  log  scale) .  The  important  observation  is  that  the  initial  spike  is 
extremely  intense  relative  to  what  is  the  beginning  of  a  much  lower  intensity 
decay.  Judging  from  the  data  of  Fig.  6,  this  decay  lasts  for  several  hundred 
/is,  and  in  fact  in  Fig.  3,  the  collective  "tail"  of  a  large  number  of  bursts 
can  be  seen  to  last  for  seconds. 

The  position  of  the  RE  trigger  pulse  can  be  accurately  determined  with 
respect  to  the  onset  of  the  front  of  the  phE  burst.  These  were  in  coincidence 
to  within  100  ns,  which  was  within  the  uncertainty  of  determining  the  start  of 
the  RE  burst.  Thus,  to  within  this  time  interval,  the  RE  burst  and  the 
intense  part  of  the  phE  burst  axe  occurring  simultaneously. 

By  increasing  the  time  constant  of  the  amplifier  (which  basically  adds 

sane  integration  to  the  shape  of  the  signal)  we  were  able  to  measure  the  area 

of  an  unsaturated  burst  and  calculate  the  number  of  photons  contained  in  the 

bursts.  For  the  larger  phE  peaks  (taking  into  account  the  detector  efficiency 
-2 

of  10  ) ,  we  determine  that  typically  300  to  400,000  photons  are  entering  the 
photon  detector  for  each  burst.  This  corresponds  to  peak  counting  rates 
exceeded  10^  photons/s.  Unfortunately,  we  do  not  know  the  angular 
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distribution  of  the  phE  so  that  it  is  difficult  to  estimate  the  actual  total 
emission  (we  need  the  ratio  of  photons  detected  to  the  total  which  is  given  by 
the  integral  of  the  phE  angular  distribution  over  the  solid  angle  subtended  by 
the  detector  divided  by  the  integral  of  the  angular  distribution  over  a 
sphere) .  However,  assuming  isotropic  emission,  we  are  detecting  only 
approximately  4%  of  the  total  emission. 

Correlation  Between  The  Amplitude  of  PE  Bursts  and  Photon  Intensity 

A  correlation  in  the  amplitudes  of  the  RE  and  phE  bursts  was 
determined  in  the  following  way.  Each  RE  burst  was  digitized  and  its 
amplitude  was  measured.  The  simultaneous  current  pulse  from  the  PMT  was 
anplified  (with  sufficient  time  constant  to  capture  the  major  portion  of  the 
emission)  and  digitized.  The  area,  which  is  directly  proportional  to  the 
number  of  photons  released,  was  then  measured.  One  set  of  data  is  shown  in 
Fig.  9  which  resulted  from  the  peeling  apart  of  two  layers  of  filament  tape, 
(i.e. ,  assembled  with  their  adhesive  sides  together.)  We  note  two  distinct 
and  divergent  groups  of  data  points  which  were  fit  separately  using  a  linear 
least  squares  method.  The  resulting  fits,  shown  in  Fig.  9  as  solid  lines,  had 
very  different  slopes  yet  each  exhibited  a  correlation  coefficient  of  0.94, 
implying  a  high  probability  of  independent  and  linear  behavior. 

When  we  found  two  sets  of  data  points  in  the  results  for  this  single 
experiment,  we  suspected  that  there  were  really  two  kinds  of  interfacial 
failure  occurring  during  the  test:  the  failure  of  the  adhesive-glass  filament 
interface  and  the  failure  of  the  adhesive-polyester  interface.  Other 
experiments  confirmed  this  fact.  By  applying  glass  beads  between  the  layers 
of  adhesive  we  caused  more  failure  to  occur  at  the  adhesive-glass  bead 
interface.  (This  interface  proved  to  be  a  very  copious  source  of  photons 
relative  to  the  RE — resulting  in  a  large  slope  of  phE  vs  RE) .  We  also 


delaminated  the  front  adhesive  +  filament  layer  from  the  back 
adhesive  +  polyester  layer  and  found  that  the  back  adhesive  was  dramatically 
different  from  the  front  adhesive  in  that  the  phE  vs  RE  slope  was  also  very 
large.  Thus,  the  type  of  interface  which  is  undergoing  failure  determines  the 
characteristic  slope  of  the  phE  vs  RE  anplitude  curve. 

It  should  be  mentioned  that  we  also  observed  a  strong  positive 
correlation  between  the  intensity  and  duration  of  the  decaying  part  of  the  phE 
with  the  RE  intensity.  Thus,  the  excitations  necessary  to  produce  the  "after- 
emission"  were  strongly  influenced  by  the  intensity  of  the  discharge. 

The  Role  of  the  Gaseous  Enviroranent 

The  intense  phE  which  occurred  simultaneously  with  the  RE  resulted 

from  photons  produced  during  the  discharges.  We  conjectured  that  the  delayed 

phE  might  result  from  particle  bombardment  of  the  surfaces  followed  by  a 

relaxation  process  which  would  be  a  form  of  phosphorescence.  An  alternative 

mechanism  for  this  sustained  phE  is  chemiluminescence .  Fanter  and  Levy' s 

discussion  of  the  role  of  oxygen  in  the  production  of  strain-induced  phE  from 
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polymers  suggested  to  us  that  a  cbemi luminescence  mechanism  would  be 
enhanced  by  the  presence  of  oxygen.  To  determine  if  the  decays  observed  after 
each  discharge  were  due  to  a  reaction  with  oxygen,  we  performed  peeling 
experiments  in  02,  N2,  and  He  at  one  atmosphere  and  roan  tenperature.  Data 
for  these  gases  taken  under  the  same  peeling  conditions  (2mm/s)  and 
accumulation  time  as  Fig.  6  (performed  in  air)  are  shown  in  Fig.  10. 

When  a  comparison  is  made  between  Figures  10  and  6  the  following  is 

noted. 

A.  The  later  parts  of  all  curves  are  qualitatively  similar.  Each  gas 
displays  a  slowly  varying  phE  with  approximately  the  same  decay  kinetics. 


B.  The  position  of  the  early  broad  peak  first  observed  in  air  is 
shifted.  For  the  series  of  gases  02,  He,  Air,  and  N2  the  peak  appears  at  1, 

5,  8,  and  25  p s  respectively .  This  is  due  to  progressively  higher  initial  phE 
signals  which  produce  progressively  longer  anplifier  saturation. 

C.  We  may  calculate  the  average  number  of  photons  per  RE  burst  for 
the  series  of  gases  02,  Air,  He,  and  N2;  this  ratio  was  21,  100,  126,  and  144, 
respectively. 

The  result  A  shows  that  chemiluminescence  involving  oxygen  is  playing 
no  detectable  role  in  the  delayed  phE.  The  results  B  and  C  agree  with  the 
earlier  comments  concerning  the  saturation  of  the  anplifier-discriminator  at 
the  highest  photon  counting  intensity.  In  coirparison  with  air  the  N2  produces 
40%  more  photons  at  each  discharge.  Thus  the  phE/RE  ratio  is  greater  and  the 
counting  is  impeded  in  N2  for  25  jus  on  average.  In  comparison  with  air,  0^ 
produces  about  one- fifth  as  many  photons  at  each  discharge  and  allows  the 
counter  to  function  after  one  microsecond.  The  results  for  He  are 
intermediate  and  He  appears  to  support  discharges  that  are  slightly  more 
emissive  than  those  in  air. 

These  results  are  consistent  with  the  electrical  breakdown  properties 

of  these  gases.  Oxygen  has  a  fairly  high  electron  affinity  and  can  readily 

-  -  -  -  21  22 
form  0  and  C>2  and  perhaps  0^  and  0^  when  free  electrons  are  present.  ' 

This  attachment  tends  to  remove  electrons  from  a  discharge  before  electrons 
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gain  sufficient  energy  to  produce  additional  ion  pairs  by  collision.  Thus, 

this  attachment  will  reduce  the  intensity  of  the  discharges  and  therefore 

reduce  the  amount  of  phE  accompanying  each  discharge. 

Neither  He  nor  N2  form  negative  ions  by  electron  attachment  so  that 

they  do  not  quench  the  avalanche  process.  N2  seems  to  support  a  particularly 
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emissive  discharge.  Mambetov  and  Masuraliev  reported  some  time  ago  that  the 
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phE  from  the  adhesive  failure  at  the  interfaces  of  natural  rubber  with 
aluminum  and  glass  was  stronger  in  He  than  in  air. 

We  next  made  a  comparison  of  the  RE  for  the  two  gases  with  most 
disparate  properties  toward  discharge,  and  N2.  In  order  to  make  this 
comparison  we  measured  the  total  number  of  PE  bursts  and  the  size  distribution 
of  RE  in  N2  and  in  02  under  the  same  peeling  conditions  (2  mm/s)  and 
accumulation  time.  The  results  are  shown  in  Fig.  11.  As  expected,  the  ^ 
yielded  many  more  bursts  and  larger  bursts  than  the  C^.  For  the  same  new 
surface  area  produced,  the  ^  atmosphere  resulted  in  the  detection  of  over  six 
times  as  many  bursts  as  in  C^.  On  the  average,  the  ^  RE  bursts  displayed  1.5 
times  as  many  rings  or  oscillations  as  the  bursts  in  O2,  indicating 
considerably  larger  amplitude  RE  bursts.  The  microdischarges  are  thus  more 
energetic  and  would  produce  larger  numbers  of  photons  per  accompanying  RE 
burst,  in  agreement  with  C  above. 

This  fact  explains  the  larger  ratio  of  photons  per  RE  burst  for  N2  as 

opposed  to  the  other  gases.  We  know  that  there  is  a  positive  size  correlation 

between  number  of  phE  and  the  RE  burst  anplitude.  RE  bursts  which  are  larger 

in  size  should  be  accompanied  by  more  photons  and  yield  a  larger  ratio  of 

phE/RE  in  N2,  precisely  the  results  described  in  C  above.  The  results  of  this 

experiment  also  allowed  us  to  calculate  that  on  the  average  in  N2  one  RE  burst 
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was  detected  for  each  0.3  mm  of  sample  peeled. 

DISCUSSION  AND  OCNCLUSICN 

We  interpret  these  results  as  follows:  Intense  charge  separation  on 
the  fracture  surfaces  produced  by  adhesive  failure  leads  to  micro-discharges 
in  the  region  of  the  crack  tip.  These  micro-discharges  are  responsible  for 
the  production  of  electromagnetic  bursts  (RE) .  These  bursts  are  accompanied 


by  "spikes”  of  phE  which  are  extremely  rapid  and  have  decay  times  of  less  than 
50  ns.  The  peak  phE  count  rate  can  exceed  10^  photons/s.  The  onset  of  phE 
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and  RE  are  in  coincidence  to  within  100  ns  and  correlate  in  size  in  a  manner 

that  is  unique  to  where  the  failure  has  occurred. 

During  the  breakdown  event  the  freshly  created  surfaces  will  be 

exposed  to  the  products  of  the  discharge  (charged  particles,  perhaps  uv 

radiation) .  This  bombardment  can  have  two  effects :  It . can  cause  the 

immediate  release  of  more  charged  particles  which  enhances  the  discharge 

process;  and  it  can  cause  excitation  of  the  surfaces  so  that  delayed  emission 

can  occur.  When  polymers  are  stimulated  with  energetic  radiation  thermally 

stimulated  processes  can  lead  to  photon  emission  (thermal  luminescence) .  '  When 

this  occurs  immediately  after  formation  of  the  necessary  excitations,  it  is 

referred  to  as  phosphorescence.  The  intensity  and  duration  of  the  resulting 

phosphorescence  will  depend  on  the  "dose"  the  polymer  surface  received  during 
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the  discharge.  Thus  we  conclude  that  the  sustained  emission  we  observe  is 

indeed  due  to  the  relaxation  of  an  excited  fracture  surface,  where  the  surface 

excitation  came  from  the  discharge.  In  relatively  low  resolution  spectra 

taken  of  light  accompanying  adhesive  failure  of  other  adhesive-substrate 
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materials,  Ohara  et  al.  and  Klyueva  et  al.  have  seen  evidence  of  both 
gaseous  and  luminescence-like  emission.  It  would  be  particularly  interesting 
to  do  time- resolved- spectroscopy  to  separate  the  fast  and  slow  components . 

The  latter  should  be  pure  luminescence. 

To  the  extent  that  the  intensity  of  the  discharge  is  influenced  by  the 
gaseous  environment,  we  have  the  observed  differences  in  the  intensities  for 
the  different  gases;  i.e.,  ^  yielded  the  strongest  amission  and  0^  the 
weakest  emission.  Furthermore,  once  the  discharge  and  bombardment  of  the 


surfaces  were  complete,  the  shape  of  the  delayed  decay  curves  were  independent 
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of  the  gas  and  only  differed  in  magnitude  depending  on  the  intensity  of  the 
discharge.  This  implies  first  that  the  decay  kinetics  are  thus  a  property  of 
the  polymer,  and  second  the  "after-glow”  is  not  induced  by  chemi luminescence 
from  a  reaction  involving  oxygen. 

If  we  peel  in  a  particular  gas  (e.g. ,  air),  we  find  that  other  factors 
can  influence  the  number  and  size  of  the  RE  and  phE  bursts,  e.g.,  the  peel 
speed.  The  major  effect  here  is  most  likely  the  details  of  the  charge 
separation  process.  The  faster  one  separates  the  two  dissimilar  materials, 
tile  less  likely  re-neutralization  can  occur  by  motion  of  charge.  This  leads 
to  higher  charge  densities  and  therefore  stronger  electric  fields  and  more 
intense  discharges.  Furthermore,  when  the  separation  rate  is  modulated  in 
time  by  the  "stick-slip"  phenomena,  corresponding  fluctuations  result  in 
varying  charge  densities  and  discharge  intensities.  These  variations  in 
discharge  intensities  then  lead  to  corresponding  changes  in  the  phE  and  RE 
intensities.  Current  studies  on  imaging  the  phE  bursts  are  showing  dramatic 
and  extremely  sensitive  responses  to  near  microscopic  features  of  the 
mechanics  of  adhesive  failure. 

A  second  factor  that  influences  the  net  charge  separation  and 
resulting  emission  is  variation  of  the  substrate.  Thus  if  different 
interfaces  are  involved  (adhesive-glass  vs  adhesive-polyester) ,  for  example, 
we  observe  a  proportionality  constant  between  the  magnitudes  of  RE  and  phE 
which  is  characteristic  of  the  particular  interface  and  may  uniquely  signify 
the  locus  of  each  individual  microscopic  failure  event. 

Finally,  we  note  that  a  number  of  the  RE  and  phE  characteristics  should 
be  similar  to  the  behavior  of  electron  and  positive  ion  emission  which  are 
necessarily  observed  in  vacuum.  Our  major  goal  is  to  continue  measuring  the 


57 


characteristics  of  these  emissions,  determine  in  more  detail  the  mechanisms, 
and  identify 'the  dependences  of  fractoemission  on  the  details  of  failure. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  diagram  of  the  experiment. 

Fig.. 2.  phE  and  RE  counts  vs  time  measured  simultaneouly  for  fast  peeling  (35 
rim/s)  and  slow  peeling  (5  mm/s) .  Each  point  represents  counts 
accumulated  in  a  multichannel  scaler  for  0.12  s. 

Fig.  3.  Decay  of  phE  and  RE  signals  when  fast  peel  (shown  in  Fig.  2)  was 

stopped.  The  phE  after  the  RE  has  fallen  is  due  to  an  "after-glow". 

Fig.  4.  phE  and  RE  counts  vs  time  acquired  at  0.01  s/channel. 

Fig.  5.  phE  counts  vs  time  acquired  at  100  /is/channel. 

Fig.  6.  A  correlation  in  time  of  the  RE  and  phE.  At  t  =  0,  each  RE  trigger 
pulse  started  the  multichannel  scaler  counting  phE  at  1 jus/channel. 

Fig.  7.  A  single  phE  burst  digitized  at  50  ns/channel.  Note  saturation  of 
the  signal  during  the  most  intense  interval  (  1 >us) . 

Fig.  8.  Composite  phE  curve  using  data  of  Fig.  7  with  digitized  data  from  a 
single,  unsaturated  phE  burst. 

Fig.  9.  Correlation  of  the  amplitudes  of  simultaneous  RE-phE  bursts.  Solid 
lines  are  linear  least  squares  fits  to  the  two  "clusters"  of  data. 

Fig.  10.  Accumulated  RE-phE  correlation  curves  taken  in  one  atmosphere  of  N~, 
He,  and  0_,  respectively.  Same  conditions  and  accumulation  time  as 
Fig.  6  which  was  taken  in  air. 

Fig.  11.  Comparison  of  total  number  and  relative  size  of  RE  bursts  in  N_  and 
0-.  Peeling  speed  2  mm/s  or  0.36  air/s.  For  this  experiment  we  - 
detect  333  RE  bursts/an  of  tape  peeled  in  N_  and  54  RE  bursts/an  in 
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Fig.  V-6 
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ABSTRACT 

We  have  been  investigating  the  emission  of  particles  due  to  deformation 
and  fracture  of  materials.  We  observe  the  omission  of  electrons  (exoelectron 
omission) ,  ions,  neutral  species,  photons  (triboluminesence) ,  as  well  as  long 
wavelength  electromagnetic  radiation;  collectively  we  refer  to  these  emissions 
as  fracto-emission.  In  this  paper,  we  describe  measurements  of  the  neutral 
emission  accompanying  the  fracture  of  single  crystal  MgO.  Masses  detected  are 
tentatively  assigned  to  the  emission  of  H-,  CH.,  H-O,  CO,  02,  C02,  and  atcmic 
Mg.  Other  hydrocarbons  are  also  observed;  The  time  dependences  of  these 
emissions  relative  to  fracture  are  presented.  We  show  that  the  onset  of  CH. 
emission  precedes  the  fracture  event. 
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INTRODUCTION 


We  have  been  investigating  the  emission  of  particles  due  to  deformation 
and  fracture  of  materials  [1-4  and  references  therein] .  We  observe  the 
emission  of  electrons,  ions,  neutral  species,  photons  (triboluminesence) ,  as 
well  as  long  wavelength  electromagnetic  radiation;  collectively  we  refer  to 
these  emissions  as  fracto-emission  (EE) .  The  goals  of  our  research  are  to 
characterize  the  properties  of  FE,  determine  the  mechanisms  for  each  emission 
component,  and  relate  the  FE  behavior  to  the  physics  and  chemistry  of 


deformation  and  fracture  of  interesting  materials  and  systems.  The  properties 
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of  the  emission  we  measure  include  identification  of  the  emitted  species, 
total  intensities,  time  distributions  relative  to  crack  growth,  energies,  and 
correlations  in  time  between  various  FE  components..  The  dependence  of  these 
characteristics  on  the  material  properties,  locus  of  fracture,  crack  velocity, 
and  temperature  have  also  been  investigated.  The  emission  effects  can  be 
observed  over  a  wide  range  of  materials  including  inorganic  single  crystals, 
ceramics,  organic  molecular  crystals,  polymers,  composites,  and  interfaces. 

In  this  paper  we  present  recent  results  on  the  emission  of  neutral  species: 
atoms,  molecules,  and  radicals  accompanying  the  fracture  of  inorganic  single 
crystals,  in  particular  MgO. 

A  few  earlier  measurements  of  the  gaseous  products  accompanying  the 

fracture  of  materials  have  been  made.  In  the  case  of  sinple  cleavage  of 

5 

crystalline  inorganic  solids.  Fox,  et.  al.  first  examined  carbonates  of  Ca, 

Mg,  and  Pb  as  well  as  the  azides  of  Na  and  Pb.  They  observed  with  a  time 

resolution  of  0.1  s  the  decomposition  products  C02  and  N2  only.  They 

attributed  their  results  to  thermal  decomposition  caused  by  elevated 

temperatures  at  the  moving  crack.  Interestingly,  they  saw  no  gaseous  amission 

6  * 

from  MgO.  Gallon,  et.  al.  showed  that  during  cleavage  of  alkali  halides  (MX) 
one  could  observe  signals  corresponding  to  released  M  and  X.  Their  response 
time  was  relatively  long  and  only  crude  correlation  with  the  time  of  fracture 
was  attempted. 

7 

(Jrakaev,  et.  al.  examined  the  products  from  cleaving  alkali  nitrates, 
nitrites,  chlorates,  brcmates,  and  iodates.  With  0.5  s  time  resolution,  they 
observed  a  number  of  products  including  substantial  amounts  of  H20,  CO,  and 
C02  with  possible  atonic  emission  (low  intensities)  of  such  species  as  0,  N, 

X,  and  XO  (where  X  represents  a  halogen  atom) .  In  the  case  of  CsNO,  they 


observed  a  delayed  (approximately  1.5  s)  buildup  of  NO  after  fracture.  In  all 
their  results,  no  cation-containing  species  were ‘observed.  The  daninant 
decomposition  products  of  nitrates  and  alkali  metal  chlorates  was  O2;  from 
nitrites:  02  and  N^.  They  conducted  that  the  processes  occurring  during 
cleavage  differ  from  thermal  deccnposition.  Their  proposed  mechanism  for  this 
neutral  emission  involving  the  matrix  atoms  only  involved  scsne  form  of 
mechanically  induced  dissociation  between  cation-anion  accompanied  by 
formation  of  short-lived  exdted  species,  followed  by  vibrational  and 
electronic  transitions  leading  to  neutralization  of  the  anion  and  its 
decanposition,  which  then  leads  to  diffusion  and  desorption  of  the  products. 

In  this  paper  we  first  present  measurements  of  the  total  non-condensible 
gases  emitted  from  MgO,  show  the  wide  range  of  neutral  masses  seen  in  the 
emission  spectrum,  and  take  a  careful  look  at  the  time  dependence  of  various 
masses  relative  to  fracture.  Of  considerable  interest  is  our  observation  of 
sane  neutral  emission  during  loading  but  prior  to  fracture. 

Highly  transparent,  single  crystal  MgO  sanples  supplied  by  Spicer  Ltd., 
Cheltenham,  England,  were  synthetically  grown  by  arc  fusion  with  a  purity  of 
99.99%.  The  sanples  were  cleaved  and  polished;  dimensions  were  10  mm  x  5  mm  x 
1  mm.  They  were  mounted  in  a  three  point  bending  apparatus  with  a  2.5  mm 
span.  The  sairple  holder  can  hold  20  samples  on  a  carousel  arrangement  that 
can  be  manipulated  from  outside  the  vacuum  system.  Experiments  were  carried 
out  at  a  background  pressure  of  10  Pa.  The  sample  was  stressed  by  applying 
a  rounded  (0.75  rrm  radius)  edge  to  the  sample  center  at  either  0.2  cm/s  (three 
point  bending)  or  10  an/s  (impact) .  The  fracture  was  detected  with  an 


acoustic  transducer  (AET  Corporation  Nfodel  1500  L)  attached  to  the  sample 
holder. 

The  neutral  emission  from  the  sample  was  monitored  with  a  UTI  100C 
quadripole  mass  spectrometer  and  a  Bayard-Alpert  gauge  positioned  1.2  cm  and 
20  an  from  the  sample,  respectively.  Electron  emission  currents  were  2.0  ita 
and  4.0  ma,  respectively.  The  quadripole  was  used  both  in  a  scanning  mode  (1- 
60  amu  every  80  ms)  or  tuned  to  a  single  mass  peak.  The  electrometer  outputs 
from  these  sources  were  digitized  at  80  /is /channel  with  a  LeCroy  Data 
Acquisition  System.  The  time  response  of  the  mass  spectrometer  electronics  was 
20  /is;  the  ion  gauge  electronics  response  time  was  40  ms. 

A  double  layer  of  Ni  grid  mesh  which  produced  an  average  hole  spacing  of  5 
/m  was  inserted  between  the  sample  and  the  ionizer  block  the  flight  of  ejecta 
(macroscopic  particles  produced  by  fracture)  into  the  ionizer.  This  grounded 
grid  also  greatly  reduced  electron  bombardment  of  the  sanple  from  the 
quadripole  ionizer  as  well  as  reducing  electrostatic  effects  on  the  ionizer 
from  the  surface  charge  on  the  sanple  produced  by  fracture. 

On  sane  sanples,  a  30  nm  gold  film  was  sputtered  onto  the  front  surface  to 
provide  a  signal  in  coincidence  with  fracture;  i.e. ,  when  this  conductive 
layer  is  broken  the  change  in  resistance  could  be  converted  into  a  pulse.  The 
uncertainty  of  this  signal  is  estimated  to  be  within  1  /is  of  the  fracture 
event,  the  duration  of  which  is  less  than  1  /is.  For  other  systems,  such  a 
metal  film  is  known  to  consist  of  connected  islands  with  a  considerable  amount 

O 

of  substrate  surface  area  uncovered. 

RESULTS  Aid  DISCUSSION 

In  Fig.  1  we  show  the  total  pressure  change,  p,  accompanying  the  fracture 
of  an  MgO  single  crystal.  The  gauge  was  located  in  the  system  out  of  sight  of 
the  sanple  so  this  signal  represents  the  non-condensible  components  of  the 


neutral  emission.  Tests  for  artifacts  such  as  motion  of  bellows,  mechanical 

vibrations,  and  coating  the  entire  sanple  with  metal  produced  no  evidence  that 

these  gases  came  from  any  other  source  than  the  sanple.  The  observed  rise  and 

peak  shape  could  be  somewhat  slower  than  the  actual  p,  due  to  the 

electrometer  time  constant.  The  tail  seen  in  Fig.  1,  however,  should 

represent  the  actual  decay  of  the  emitted  gases  from  the  fracture.  This  p 
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curve  corresponds  to  approximately  3x10  molecules/cm  of  sanple  cross- 
section.  Even  with  cleavage  surface  roughness  factors  as  high  as  2-3,  this  is 
a  considerable  amount  of  gas. 

Fig.  2  shows  a  difference  spectrum  between  two  mass  scans  taken 

immediately  before  and  after  fracture  of  single  crystal  MgO  (total  tims/scan  = 

80  ms) .  We  have  allowed  the  mass  peaks  with  relative  intensity  of  100  to 

purposefully  go  off  scale  so  that  the  smaller  peaks  can  be  clearly  seen. 

Frequently  observed  emission  peaks  were  masses  1,  2,  15,  16,  17,  18,  24,  28, 

29,  32,  and  44.  Tentative  assignment  of  parent  species  released  (based  on 

known  cracking  patterns)  are  atonic  CH4,  H^O,  atonic  Mg,  CO,  and  C02- 

Other  hydrocarbons  were  also  detected  as  evident  by  peaks  such  as  25-27,  30, 

38-43,  and  53-57,  although  masses  25  and  26  are  also  isotopes  of  Mg.  MgO 

contains  a  wealth  of  iipurities  which  contribute  to  these  emissions.  Freund 

et.  al.  have  described  the  low  z  iipurities  in  MgO^'  ^  due  to  dissolution  of 

excess  0 2,  f^O,  and  C02  and  has  shown  that  the  H  and  C  are  in  a  reduced  state 

(molecular  and  a  near  zero  valance  C  coplex)  and  the  oxygen  is  found  in  an 

oxidized  form  (spin  paired  0+0=0  peroxy  anion) .  Gas  evolution  studies 

11  12 

done  on  similar  MgO  material  in  powder  form  '  show  that  with  heating,  the 
evolution  of  a  number  of  similar  corpounds  occurs,  with  the  probable  exception 
of  the  metal  vapor  (atomic  Mg) . 
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Based  on  these  results,  we  would  propose  that  the  carbon  containing 
conpounds  produced  by  fracture  are  due  to  chemical  reactions  accompanying  and 
following  fracture  with  bulk  (inpurity)  carbon  with  0  type  defects  (e.g.,  0  , 
which  in  a  0  lattice  represents  a  defect  electron  or  positive  hole)  and 
dissolved  hydrogen.  It  is  important  to  note  that  the  observed  conpounds  do 
not  exist  in  the  crystal  prior  to  fracture.  The  crystal  near  the  fracture 
surface  is  acting  as  a  source  of  reactants  (seme  of  which  may  have  been 
produced  by  bond  breaking  accompanying  fracture)  and  the  surface  serves  as  a 
catalyst  for  recombination  reactions  of  these  reactive  species. 

Similarly,  the  H-O  and  02,  which  can  be  very  intense,  are  also  products  of 
recombination  reactions.  However,  the  atomic  Mg  observed  is  more  likely  a 
product  inherent  to  bond  breaking  of  the  crystalline  MgO  itself.  We  envision 
that  patches  of  the  fracture  surface  are  out  of  stoichiometry  with  neutral  Mg 
being  a  desorbed  "waste  product" .  A  relevant  quantity  we  intend  to  measure  by 
thermal  desorption  spectroscopy  is  the  desorption  energy  of  deposited  metallic 
Mg  from  a  freshly  cleaved  MgO  crystal. 

The  absolute  size  and  the  relative  peak  heights  of  the  mass  spectra  are 
strongly  variable  from  sample  to  sample.  Up  to  this  point  we  have  not  taken 
care  to  control  the  size  and  density  of  microcracks  on  the  crystal  surfaces 
nor  controlled  the  energy  being  channeled  into  fracture  of  the  crystals.  We 
find  a  fairly  good  correlation  between  the  neutral  emission  intensity  and  the 
strain  rate  (inpact  velocity) .  This  generally  leads  to  higher  fracture 
energies  and  thus,  the  neutral  emission  may  be  a  very  inportant  probe  of  the 
energetics  of  fracture.  Careful  simultaneous  mechanical  measurements  are 
needed  and  are  being  developed  currently. 

One  striking  variation  that  was  observed  was  that  the  mass  scan 
measurements  fell  into  two  catagories:  A)  large  mass  32,  and  B)  small 
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mass  32.  The  relative  peak  heights  of  the  major  mass  peaks  or  groups  for 
these  two  cases  are  shown  in  Tables  IA  and  IB  with  tentative  assignments  to 
parent  molecules.  The  major  uncertainty  in  the  parent  identifications  is  in 
the  specific  hydrocarbons  contributing  to  the  overall  spectrum.  Peak  heights 
have  been  normalized  to  mass  18  in  both  categories.  We  note  that  when  02  is 
strong,  CO 2  is  very  intense  and  CO  is  also  up,  suggesting  that  the 
availability  of  oxygen  at  the  surface  regulates  these  products.  Conversely, 
when  02  is  weak,  mass  24  (atonic  Mg)  is  strong;  evidently,  a  lack  of  oxygen 
greatly  enhances  the  release  of  the  metal  from  the  surface. 

Figure  3a  -  3d  show  the  signals  observed  fron  the  quadrupole  mass 

spectrometer,  each  taken  on  different  samples,  while  sitting  on  single  mass 

peaks,:  16,  24,  32,  and  44.  The  arrows  indicate  when  the  fracture  event 

occurred.  The  inset  in  Fig.  3a  shows  on  an  expanded  time  scale,  the  shape  of 

the  rise  in  mass  16,  indicating  a  clearly  defined  shoulder.  A  more  careful 

measurement  of  the  time  of  fracture  was  carried  out  using  a  porous  Au  film  on 

the  surface  facing  the  ionizer,  previously  described.  Such  a  film  would  be 

porous  so  that  gas  could  still  be  released  frcm  the  surface.  The  arrow  in 

Fig.  4  shows  the  time  of  fracture  relative  to  the  position  of  this  shoulder; 

it  occurs  before  fracture.  We  saw  no  evidence  of  this  shoulder  in  mass  32, 

but  is  present  in  mass  15.  Thus,  we  conclude  that  this  pre- failure  neutral 

emission  is  CH^  and  that  it  is  being  produced  and  driven  via  dislocations  that 

are  appearing  at  the  surface,  possibly  associated  with  microcrack  growth  from 

dislocation  pile-up  (MgO  can  have  highly  mobile  dislocation  motion,  even  at 
13 

room  temperature)  .  It  should  be  noted  that  we  have  seen  exactly  the  same 
behavior  in  the  photon  emission  ccming  from  stressed  single  crystal  MgO. 

In  general,  the  time  dependence  of  masses  16  (CHj),  28  (CO) — not  shown,  32 
(02) ,  and  44  (C02)  <  behave  in  a  similar  fashion,  and  taking  into  account  the 
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ionization  gauge  electrometer  time  constant  these  species  can  account  for  the 
shape  of  the  observed  total  pressure  change .  It  should  be  noted  that  ‘the  mass 
32  emission  shown  in  Fig.  3c  is  very  intense  in  the  initial  peak:  one  to  two 
orders  of  magnitude  greater  than  other  emissions  we  have  observed.  As  such, 
the  time  dependence  of  the  emission  appears  to  be  sane what  different  than  that 
shown  for  the  other  masses;  but  in  fact  the  tail  of  the  mass  32  emission  is 
similar  to  the  time  dependence  of  the  other  masses,  and  it  follows  the  decay 
of  the  total  pressure  change  fairly  closely. 

The  mass  24  (Mg)  time  dependence  is  quite  unique.  In  Fig.  3b,  we  show 
this  dependence  for  the  case  of  a  weak  emitter.  Mass  24  tends  to  start 
growing  when  the  other  peaks,  particularly  those  involving  oxygen,  have 
decayed.  A  reasonable  explanation  for  this  is  that  as  long  as  oxygen  is 
available,  the  Mg  prefers  to  react  with  it,  but  as  the  oxygen  disappears  the 
Mg  can  desorb;  this  is  supported  by  the  observation  above  that  when  large  32 
peaks  are  observed,  implying  that  oxygen  is  more  available,  mass  24  is  small. 

Qualitatively,  these  differences  appear  to  be  related  to  the  fracture 
energy  which  can  vary  considerably  fron  sample  to  sample.  If  this  is  the 
case,  these  neutral  emission  signals  may  be  eventually  related  to  the 
microscopic  events  occurring  during  fracture. 

CONCLUSIONS 

We  have  shown  that  a  variety  of  neutral  species  are  emitted  when  pure, 
single  crystal  MgO  is  fractured.  The  observed  species  (e.g.,  H^O,  CH^  and 
other  hydrocarbons,  CO,  CX^) )  are  products  of  reactions  induced  by  fracture 
and  often  involve  dissolved  low  2  iirpurities  (C,  H,  O-defects)  contained  in 
the  crystal .  The  appearance  of  metallic  Mg  suggests  that  neutral  Mg  is  in 
fact  a  consequence  of  bond  breaking.  In  all  likelihood,  at  least  some  of  the 
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oxygen  emitted  as  C^,  CO  and  CO2  is  also  due  to  fracture- induced  changes  in 

2- 

valancy  from  the  lattice  0  state.  The  appearance  of  masses  15  and  16  before 
fracture  is  believed  to  be  due  to  dislocations  appearing  on  the  surface  which 
drives  the  formation  of  CHj,  perhaps  due  to  formation  of  a  highly  selective 
catalytic  site.  This  signal  may  prove  to  be  a  valuable  probe  of  dislocation 
motion  near  a  surface  which  is  of  considerable  importance  in  understanding 
crack  formation  in  semi-brittle  materials. 

Further  work  is  being  carried  out  on  testing  these  ideas;  e.g., 
determining  the  effects  on  the  neutral  emission  with  variations  in  strain  rate 
and  fracture  energy,  from  thermal  pre-treatment  of  the  crystals,  thermal 
stimulation  of  the  fractured  surface  (on  the  ms  time  scale) ,  and  creation  of 
defects  by  doping  or  exposing  the  crystal  to  radiation. 

In  addition  to  potential  applications  to  fundamental  studies  of  fracture, 
there  are  sane  other  important  implications  of  this  work  that  we  would  like  to 
mention.  First,  the  signals  observed  are  related  to  one  of  the  most  basic 
dynamic  processes  of  interest  to  surface  science:  the  transformation  of  the 
bulk  to  a  surface.  Our  fracto-emission  studies  are  examining  relaxation 
phenomena  occurring  during  this  transformation  on  time  scales  from  nanoseconds 
to  milliseconds.  Normally,  surface  science  is  performed  on  time  scales  > 
seconds.  Furthermore,  specifically  with  respect  to  the  atom  and  molecular 
emission  we  have  described,  the  release  of  metal  vapor  and  organic  species  by 
fracture  may  be  of  considerable  importance  in  explaining  the  origin  of  a 
number  of  species  seen  in  intersteller  space.  Collisions  between  grains  could 
certainly  result  in  similar  fracture  induced  chemistry  we  describe  here. 
Finally,  we  mention  that  magmatic  minerals  under  high  stress  can  also  form  and 
release  such  gases  which  could  be  important  in  interpreting  and  even  detecting 
certain  geological  processes.  We  have  recently  examined14  the  neutral 


emission  from  the  fracture  of  crystalline  olivine  (from  San  Carlos,  A Z) .  In 
addition  to  the  species  seen  from  MgO,  we  also  observed  atomic  Fe  and  numerous 
C-H  and  C-N-H  compounds  up  to  mass  210.  Perhaps  life  on  earth  started  with  a 
rockslide  rather  than  a  lightning  bolt! 
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FIGURE  CAPTIONS 


Figure  1.  Total  pressure  change  during  the  fracture  of  MgO  single  crystal. 

Figure  2.  The  difference  between  the  mass  peaks  after  fracture  and  the 
background  prior  to  fracture. 

Figure  3.  The  time  dependence  relative  to  fracture  for  different  MgO  crystals 
of  selected  single  mass  peaks:  a)  16,  b)  24,  c)  32,  d)  44.  The 
arrows  show  the  time  of  fracture.  The  inset  in  a)  shows  the  rise 
in  mass  16  signal  on  a  faster  time  scale. 

Figure  4.  The  time  dependence  of  mass  16  emission  on  a  faster  time  scale. 

The  arrow  shows  the  instant  of  separation  of  a  30  nm  thin  film  of 
Au  deposited  on  the  front  surface  of  the  crystal.  The  shoulder 
(seen  also  in  Fig.  3a)  occurs  before  fracture. 
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Table  I. 


15 

40 

ch 

16 

100 

ch* 

17 

40 

18 

100 

HTO 

24 

small 

Mg 

25,26 

small 

C  H  , 

28 

90 

c6  y 

29 

40 

C  H 

32 

140 

39-42 

small 

43 

50 

cxhy 

44 

90 

d5  / 

55-57 

small 

C  H 
x  y 

Table  I.  Relative  intensities  of  the  observed  mass  peaks  with  tentative 
assignments  to  parent  molecules  listed  in  order  of  decreasing 
contributions.  A)  Typical  quantities  for  specimens  which  were 
strong  mass  32  emitters;  B)  Quantities  for  specimens  which  were 
weak  mass  32  emitters . 
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VII.  FTTFTTRfM  BEAM  INDUCED  FRACTURE  CF  KEVLAR*  SINGLE  FIBERS 


(submitted  to  J.  Vacuum  Science  and  Technology) 


J.  Thomas  Dickinson,  L.  C.  Jensen,  and  M.  L.  Klakken 
Department  of  Physics 
Washington  State  University 
Pullman,  WA.  99164-2814 


ABSTRACT 


we  examine  the  unique  situation  involving  the  exposure  of  polymers  to 
both  electron  bombardment  and  mechanical  stress.  Under  certain  conditions, 
fracture  and  crack  growth  occur  due  to  this  combination  of  stimuli.  These 
studies  relate  to  the  performance  of  a  number  of  materials  under  hostile 
environments  such  as  space,  plasmas,  and  propulsion  systems.  In  this  paper  we 
present  our  initial  measurements  on  the  response  of  single  Kevlar-49  fibers 
loaded  in  tension  to  bombardment  by  3  keV  electrons.  We  present  evidence  that 
the  resulting  electron  beam  induced  fracture  is  due  to  bond  breaking. 


*Kevlar-49  is  a  trade  name  of  E.I.  Dupont  de  Nemours  and  Co. 


INTRODUCTION 


When  an  energetic  electron  strikes  the  surface  of  a  material, 
inelastic  collisions  occur  leading  to  energy  loss  of  the  primary  electron  and 
production  of  secondary  electrons  with  energies  of  1-15  eV.  The  range  of  the 
primary  electron  is  on  the  order  of  0.1  -  10  jum  so  that  the  inelastic  events 
can  occur  quite  deep  into  the  material.  The  processes  that  can  occur  include 
ionization,  molecular  dissociation,  electron  stimulated  desorption,  electron 
induced  diffusion,  and  various  chemical  reactions.  In  addition,  an  increase 
in  temperature  due  to  the  conversion  of  electronic  excitations  into  thermal 
vibrations  of  the  material  can  also  occur.  This  in  turn  can  cause 


decomposition,  a  change  in  the  material  physical  properties,  and  additional 
chemical  reactions. 

An  interesting  situation  arises  when  a  material  is  exposed  to  both 
electron  bombardment  and  mechanical  stress.  Under  certain  conditions,  crack 
growth  and  fracture  can  occur  due  to  this  combination  of  stimuli.  In  certain 
hostile  environments  such  as  space,  plasmas,  and  propulsion  systems  there  are 
often  conditions  where  materials  under  stress  are  exposed  to  particles  and 
radiation  and  the  consequences  can  be  critical.  In  this  research  our  initial 
goals  are: 

1)  To  characterize  the  range  of  the  phenomena  (i.e.  radiation-induced 
fracture)  in  terms  of  materials  and  type  of  incident  particle,  as  well  as 
determine  the  dependencies  of  important  parameters  such  as:  stress, 
particle  energy,  and  particle  flux. 

2)  To  eventually  determine  the  mechanisms  involved  and  to  relate  the  results 
to  current  theories  of  fracture. 

To  date,  we  have  concentrated  mainly  upon  determining  the  mechanical 

response  of  a  material  exposed  to  stress  and  energetic  electrons'*'  in  a  vacuum 
-5 

of  10  Pa.  When  a  stressed  polymer  is  bombarded  by  electrons  in  the  highly 
concentrated  stress  region  of  a  notch,  crack  propagation  may  occur  if  the 
"weakening"  factors  of  the  material  override  the  "strengthening”  factors.  In 
a  polymer,  examples  of  the  "weakening"  factors  are  bond  scissions,  molecular 
dissociation,  thermal  degradation,  and  gas  evolution.  Additional 
polymerization,  crosslinking,  and  branching  of  the  material  all  would  tend  to 
"strengthen"  the  polymer.  We  have  recently  measured1  the  propagation  of  an 
introduced  crack  as  related  to  the  time  of  application  of  the  electron  beam. 
Of  the  materials  tested,  all  have  shown  a  response  (i.e.  a  drop  in  the  total 
applied  load)  upon  application  of  the  electron  beam.  The  materials  tested 
include:  polyisoprene,  BAMD/THF  (a  50-50  co-polymer  of  3, 3, bis (azidomethyl) 
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oxetane  and  tetrahydroturan) ,  butyl  rubber,  polybutadiene,  and  high  density 
polyethylene.  Careful  calculations  of  the  energy  deposition  due  to  the 
electron  beam  and  subsequent  heating  of  the  material  showed  that  the 
temperature  does  not  increase  by  more  than  10  C  within  the  time  observed  for  a 
mechanical  response.  We  estimate  that  given  the  experimental  values  of  the 
electron  beam's  energy  and  flux  and  a  duration  of  bombardment  of  1  ms,  all  of 
the  main  chain  bonds  would  be  broken  approximately  once.  Normally,  most  of 
these  bonds  would  reform  if  the  material  was  not  under  stress.  We  hypothesize 
that  when  a  radiation  sensitive  material  is  under  stress,  fewer  of  these  bonds 
can  reform,  which  encourages  crack  propagation. 

In  this  paper,  we  present  our  initial  results  on  exposure  of  single 

fibers  of  Kevlar-49  to  electron  bombardment  and  stress.  Kevlar-49,  produced 

by  Dupont,  is  an  important  reinforcing  fiber  for  epoxy  composites .  It  has  an 

extremely  high  strength  to  weight  ratio,  and  produces  a  composite  with  very 

high  fracture  toughness  (i.e.,  the  material  is  resistive  to  growth  of  an 

2—6 

existing  crack) .  Kevlar-49  achieves  its  high  tensile  strength  by  being  a 
closely  packed  structure  of  macromolecular  chains  that  are  highly  aligned  and 
oriented  along  the  longitudinal  axis  of  the  fiber.  There  are  essentially  zero 
crosslinks  or  chain  folds  which  would  tend  to  reduce  the  tensile  strength  of 
the  structure.  The  angle  between  the  monomer  units  is  parallel  (para-type 
orientation)  which  allows  the  stress  to  be  transferred  directly  down  the  chain 
without  stretching  the  bond  angle.  The  macromolecules  tend  to  form 
crystalline  regions  of  about  200  nm  length  by  60  nm  width.  This  highly 
crystalline  structure  form  200  nm  layers  that  are  linked  by  chain  ends.  These 
zones  between  crystalline  regions  are  defect-like  and  form  the  easiest  crack 
propagation  path  in  the  transverse  direction. 
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In  terms  of  standard  radiation  sensitivity  tests,  where  a  material  is 

exposed,  then  mechanically  tested,  Kevlar-49  is  known  to  be  very  sensitive  to 

7 

ultraviolet  light.  Harper  and  McAlister  have  reported  the  strength  of  bare 
Kevlar-49  yam  can  decrease  by  more  than  25%  after  one  week  exposure  to 
ultraviolet  radiation.  Here,  our  main  interest  is  to  determine  if  applying 
both  stress  and  electron  bombardment  together  can  cause  fracture  of  Kevlar 
fibers  at  stresses  below  the  critical  stress  (i.e.,  the  tensile  strength)  on 
much  faster  time  scales.  We  are  interested  in  dynamic  processes  which  involve 
electronic  excitations  and  therefore  desire  to  determine  if  the  mechanism 
leading  to  fracture  is  due  to  electron  collision  bond  scissions  rather  than 
thermal  degradation  of  the  material.  The  latter  takes  place  at  temperatures 

g 

around  500  C  on  unstressed  material. 

EXPERIMENTAL 

The  experimental  arrangement  shown  in  Fig.  1  consisted  of  a  small 
stress/strain  device  mounted  inside  a  standard  vacuum  system.  Single  12  jum. 
diameter  Kevlar-49  fibers  (from  DuPont)  were  strained  in  tension  at  0.06%/s. 

A  0.2  rrm  diameter  copper  wire  was  positioned  behind  and  as  close  as  possible 
to  the  fiber  and  served  as  a  collector  for  the  electron  beam  which  was  swept 
across  the  fiber.  A  larger  collector  was  positioned  2  cm  from  the  fiber  for 
measuring  the  total  current  in  the  electron  beam. 

The  electron  beam  was  produced  by  a  Varian  Glancing  Incidence  Auger 
Electron  Gun.  The  fiber  was  located  at  the  focus  of  the  electron  gun  which 
had  a  2  mm  spot  size.  The  electron  energy  used  in  these  studies  was  3  keV. 
Using  the  deflection  plates  in  the  electron  gun  and  a  ramp  generator,  the  beam 
could  be  swept  back  and  forth  across  the  fiber  near  its  center,  typically  at  a 
speed  of  2.8  to  4.7  mm/s.  (We  referred  to  this  experiment  as  our  "Pit  And  The 
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Pendulum"  experiment.)  The  electron  beam  profile  was  measured  and  determined 
to  be  Gaussian  in  shape.  Thus,  we  can  model  carefully  the  spatial  and 
temporal  distributions  of  the  electrons  hitting  the  fiber.  Because  of  the 
small  fiber  diameter,  when  the  beam  is  centered  on  the  fiber,  only  0.7  %  of 
the  total  electron  current  strikes  the  fiber. 

The  current  to  the  wire  behind  the  sample  and  the  mechanical  load  on 
the  fiber  were  digitized  simultaneously,  at  a  sampling  rate  of  2  ms /channel. 
Thus,  correlations  could  be  made  between  the  electron  dose  to  the  fiber  and 
the  mechanical  response  with  reasonably  high  time  resolution.  These 
experiments  were  carried  out  at  pressures  of  10  5  Pa. 

RESULTS 

Figure  2a  shows  the  load  (force)  vs  time  curve  for  a  typical  Kevlar-49 
fiber,  where  the  solid  line  corresponds  to  an  unbombarded  fiber.  Failure  of 
the  fiber  occurs  at  the  sudden  drop  in  load.  The  dotted  curve  represents  the 
load  curve  for  a  fiber  where  at  the  arrow  we  applied  a  3000  eV,  120  pA 
electron  beam  to  the  fiber  near  its  maximum  stress.  The  dotted  line  shows  the 
force  dropping  immediately,  again  due  to  failure.  Visual  observation  of  the 
fiber  showed  that  it  had  fractured.  Similar  runs  on  numerous  fibers  showed 

this  "coincidence"  between  application  of  the  beam  and  fracture.  We  thus 

% 

conclude  that  at  high  stress,  and  relatively  high  current  densities,  electrons 
can  cause  fracture  of  the  fiber. 

To  gain  further  insight  into  this  effect,  we  examined  on  a  faster  time 
scale  the  response  of  the  load  applied  to  the  fiber  as  the  electron  beam  comes 
onto  the  fiber.  Fig.  2b  shows  results  for  a  highly  stressed  fiber  and  a  beam 
current  of  120  /jA.  On  a  ms  time  scale,  the  load  is  seen  to  drop  slightly 
before  failure  occurs  (the  rapid  drop  in  load) . 


If  we  keep  the  electron  beam  fixed  at  100  /oA,  we  can  measure  the  time 
from  the  beginning  of  electron  exposure  until  fracture  occurs  (time-to- 
fracture)  as  a  function  of  the  load  when  the  exposure  begins.  Fig.  3  shows 
these  results.  There  is  initially  a  substantial  drop  in  the  time-to- fracture, 
then  a  slow  decrease,  indicating  that  the  response  to  the  beam  is  indeed 
dependent  on  the  stress  state  of  the  fiber.  At  lower  loads,  the  time  to 
failure  is  essentially  infinite.  A  simple  interpretation  of  this  data  is  that 
at  higher  stresses  one  needs  to  do  less  "damage"  to  the  fiber  (where  by  damage 
we  mean  the  severing  of  bonds  in  the  region  of  the  fiber  being  bombarded) 
before  fracture  is  initiated.  It  is  possible  that  the  efficiency  of  the 
electrons  in  producing  irreversible  bond  breaking  is  higher  when  the  bonds  are 
more  highly  stretched. 

Similarly,  there  is  a  strong  dependence  of  the  t ime-to- fracture  on  the 
electron  beam  current,  as  seen  in  Fig.  4,  taken  at  constant  beam  energy  of  3 
keV  and  constant  load  of  0.75  N.  Here  we  see  a  dramatic  initial  decrease  in 
time-to- fracture,  followed  by  a  slow  decrease  at  higher  currents.  In  the 
latter  part  of  the  curve,  the  doses  (total  number  of  electrons  striking  the 
fiber  before  fracture)  for  the  points  shown  are  approximately  the  same.  Since 
the  number  of  broken  bonds  would  be  proportional  to  the  dose,  this  suggests 
that  at  constant  load  the  number  of  bond  scissions  induced  by  electron 
collisions  required  to  cause  fracture  is  a  constant. 

SEM  photographs  of  the  fracture  surface  show  that  the  fiber  ends  look 
quite  different  in  the  electron  bombarded  fibers  vs  fibers  broken  without  the 
beam.  The  unbombarded  samples  split  into  many  fibrals,  as  shown  in  Fig.  5a, 
often  for  700  /m  down  the  fiber,  with  many  very  small  "hairs"  protruding  from 
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these  fibrals.  This  is  a  well  known  tendency  of  Kevlar  .  Morgan  et  al 
have  described  the  same  type  of  fibral  formation,  observing  that  the  outer 


skin  of  the  fiber  tears  in  the  longitudinal  fiber  direction  to  form  a 
continuous  ribbon  for  hundreds  of  /jm  along  the  fiber  surface. 

The  fibers  that  were  exposed  to  the  electron  beam,  shown  in  Fig.  5b, 
tend  to  break  in  the  transverse  direction.  The  small  "hair"  like  fibrals  along 
the  larger  fibrals  are  totally  absent.  With  some  sairples  broken  with  the 
electron  beam  there  is  sane  fibral  formation  but  it  tends  to  be  more 
transverse  than  the  unbombarded  samples  and  completely  without  the  smaller 
side  fibrals. 

In  order  to  examine  the  role  of  heating  of  the  fiber  by  the  electron 
beam,  we  modeled  the  energy  deposition,  conduction,  and  temperature  rise  in 
the  fiber,  using  known  thermal  properties  of  Kevlar-49.  The  typical 
calculated  temperatures  at  the  first  sign  of  a  drop  in  load  was  less  than 
100  C.  The  typical  calculated  temperature  at  fracture  is  less  than  150  C.  In 
Table  I  we  show  the  results  of  these  calculations  for  various  samples.  The 
calculated  temperature  at  failure  is  always  much  less  than  the  500  C  needed 
for  thermal  decomposition  of  the  unstressed  fiber. 

CCNCLOSICNS 

We  have  presented  initial  results  of  the  mechanical  response  of  single 
fibers  of  Kevlar-49  under  tension  to  exposure  to  energetic  electrons,  we  have 
shown  that  there  is  an  initial  drop  in  load  followed  by  failure  of  the  fiber. 
The  sensitivity  of  the  failure  process  increases  with  applied  load  and  with 
the  rate  of  electron  impingement,  with  threshold-like  behaviors  in  each  of 
these  dependences.  Temperature  calculations  indicate  that  the  effect  is  not 
dominated  by  thermal  processes  but  is  clearly  assisted  greatly  by  electron 
collision  bond  breaking  of  stressed  polymer  chains.  Our  results  indicate  that 
the  damage  to  these  chains  is  more  likely  to  lead  to  failure  at  higher  strains 
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1.  Sample  Description  and  Composition  as  Formulated  by  NWC.  Taken 
from  Reference  7. 


NWC  TP  6619 

TABLE  1.  Sample  Status. 


Specimens 

shipped 

RDX 
wt,  X 

NWC 

wsu 

'PSU 

Lockheed 

SAX5 

Lockheed 

Mix  No. 

Binder  system 

various 

T 

fracto- 

emission 

burn 

rates 

acoustic 

studies 

BLX-1 

R45M/IPDI 

75. 5* 

+C 

+ 

+ 

+ 

+ 

BLX-2 

R45M/1PDI 

80.0 

+ 

+ 

+ 

+ 

+• 

BLX-3 

R45M/IPDI  . 

75.0 

+ 

+ 

+ 

+ 

+ 

BLX-4 

GAP/TMETN  (1:3) 

74.8 

+ 

+ 

+ 

+ 

+ 

BLX-5* 

Acrylic  polymer 

72.5 

- 

- 

- 

- 

- 

BLX-6 

Acrylic  polymer 

72.5 

+ 

+ 

+ 

+ 

+ 

BLX-7* 

GAP 

68.6 

- 

- 

- 

- 

- 

BLX-8 

GAP 

68.6 

+ 

+ 

+ 

+ 

+ 

BLX-9 

GAP/BTTNg  (1:2) 

65.9 

+ 

+ 

+ 

+ 

+ 

BLX-10 . 
BLX-1 l1 

BAMO/THF  (1:2) 

66.3 

- 

- 

- 

- 

- 

R45M/IPDI 

75.0 

- 

- 

- 

- 

+ 

Small  angle  X-ray. 

^Large  particles. 

(J 

+  Sent  for  testing;  -  not  sent  for  testing, 
^etriol  trinitrate. 

*Small  hand  mix. 

^System  gelled  before  it  could  be  cast. 
gButanetriol  trinitrate. 

^Plasticizer  exuded  from  cured  formulation. 
2Special  mix  for  acoustic  studies. 
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the  materials  sent  to  us  for  testing  are  given  in  the  tables  (NWC  Tables  1-5) 
copied  from  reference  7,  designated  here  collectively  as  Table  1. 

EXPERIMENTAL 

The  measurements  described  here  were  performed  on  materials  fractured 

-5 

in  a  vacuum  of  1  x  10  Pa.  Tensile  specimens  were  of  dimensions  2  mm  x  6  mm 
x  15  mm,  notched  with  a  sharp  blade  in  the  center  (1  mm  deep)  with  a  sharp 
blade  so  that  fracture  would  occur  in  front  of  the  detectors.  Tensile  tests 
were  carried  out  at  three  strain  rates  (referred  to  as  slow,  medium  and  fast)  : 
0.2  /s,  10/s,  and  100/s.  The  latter  was  achieved  by  attaching  a  massive 
aluminum  frame  to  the  pull  rod  that  entered  the  vacuum  chamber  via  a  bellows 
separating  vacuum  from  the  atmosphere .  A  sharp  rap  with  a  heavy  hammer 
rapidly  elongated  the  sample  with  subsequent  faster  crack  growth. 

Conpressional  impact  was  achieved  by  attaching  the  above  impact  device 
to  a  stainless  steel  fixture  with  parallel  steel  faces  which  rapidly  closed 
when  the  aluminum  frame  was  impacted.  Compared  to  drop-hammer  test  devices, 
our  system  was  rather  "soft”  and  would  not  lead  to  as  high  a  compress ional 
load  as  these  devices.  We  will  soon  have  ready  a  much  more  rigid 
conpressional  impact  device  mounted  in  our  vacuum  system. 

An  electron  detector  was  placed  on  one  side  of  the  sample  and  a 
photomultiplier  placed  on  the  other  side.  For  electrons,  we  used  a 
channeltron  electron  multiplier  (CEM)  which  produces  fast  pulses  (10  ns  in 
duration  with  90%  absolute  detection  efficiency.  For  photons,  a  Thom  992 4Q 
photomultiplier  was  used  without  cooling.  The  photocathode  was  of  type  S20 
with  sensitivity  in  the  visible  and  soft  uv  region.  The  photomultiplier 
background  count  rate  was  typically  1000-1500  counts/s.  Standard  nuclear 
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materials  were  part  of  a  Navy  Weapons  Center  program  to  investigate  the 
effects  of  surface  interactions  and  mechanical  properties  of  plastic  bonded 
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explosives  on  explosive  sensitivity. 

In  section  IV  we  examine  the  electron,  photon,  and  long  wavelength 
electromagnetic  emission  acconpanying  the  failure  of  interfaces  between 
aluminum  and  a  polymer  (epoxy) .  The  effect  of  applying  an  external  electric 
field  across  the  interface  is  examined  and  shown  to  greatly  enhance  the 
resulting  emissions .  This  enhancement  provides  further  evidence  that  the 
surface  charge  on  the  fracture  surfaces  can  strongly  influence  the  resulting 
fracto-emission . 

In  Section  V,  we  present  a  study  on  the  time  and  size  correlations  of 
photon  and  radiowave  bursts  from  the  peeling  of  pressure  sensitive  adhesives 
in  air.  The  interfaces  consisted  of  tackified  natural  rubber  separating  from 
various  polymers,  thus  serving  as  a  model  of  any  adhesive  failure  system 
involving  two  polymers.  Considerable  detail  on  the  nature  of  these  emissions 
was  gained  by  examining  their  correlations  and  time  and  acquiring  time 
distributions  of  the  photon  emission. 

In  Section  VI,  we  present  our  first  results  on  the  emission  of  atoms  and 
molecules  accompanying  the  fracture  of  single  crystal  inorganic  materials.  In 
this  case,  high  purity  MgO.  MgO  serves  as  a  model  material  for  semi-brittle 
crystals.  We  report  evidence  for  fracture  induced  deconposition  as  well  as 
recombination  reactions  involving  impurities . 

In  Section  VII,  we  show  recent  results  on  inducing  crack  growth  in 
polymers  with  the  combination  of  stress  and  electron  bombardment.  These 
studies,  in  addition  to  being  of  a  fundamental  nature  in  terms  of  the  physics 
of  fracture,  address  in  a  new  way  the  response  of  materials  under  stress  in  a 
hostile  environment.  In  this  study,  we  show  that  at  stresses  below  critical 


II.  INTRCDUCTICN 


Crack  propagation  through  an  insulating  material  or  at  an  interface 
produces  regions  of  high  electronic  and  chemical  activity  on  the  freshly- 
created  surfaces.  This  activity  causes  the  emission  of  particles,  i.e. 
electrons,  ions,  and  neutral  species,  as  well  as  photons,  from  the  surfaces 
both  during  and  after  crack  propagation.  This  emission  is  called  fracto- 
emission.  Our  primary  goals  have  been  to  a)  further  characterize  fracto- 
emission  from  filled  and  unfilled  polymers,  as  well  as  from  crystalline 
materials  which  model  energetic  molecular  crystals,  b)  to  further  our 
understanding  of  the  fracto-emission  mechanisms,  and  c)  to  examine  the 
dependence  of  fracto-emission  on  the  nature  of  the  fracture  event  and  material 
properties.  These  effects  are  very  sensitive  to  locus  of  fracture,  crack 
velocity,  crack  tip  tenperature,  and  materials  properties.  As  we  learn  more 
about  the  mechanisms  of  fracto-emission,  we  are  able  to  provide  detailed 
information  about  crack  propagation  and  failure  mechanisms.  Our  ultimate  goal 
is  to  use  fracto-emission  to  probe  fracture  on  an  atonic  and  molecular  level. 
Furthermore,  the  physical  effects  involving  charge  separation,  electrostatic 
effects,  and  the  consequences  of  fracture  in  energetic  materials  is  of 
considerable  interest  because  of  possible  ties  to  rapid  energy  release 
mechanisms. 

In  addition,  we  have  undertaken  the  study  of  radiation-induced  crack 
propagation  in  polymers  and  molecular  crystals.  We  wish  to  determine  the 
sensitivity  of  materials  under  stress  to  bombardment  by  electrons,  ions,  and 
energetic  photon  and  investigate  the  mechanisms  for  inducing  crack  propagation 
with  such  radiation. 

In  this  report  we  include  our  recent  work  on  measuring  the  electron  and 
photon  emission  from  RDX-filled  polymeric  binders  (Section  III) .  These 


due  to  a  lower  probability  of  reforming  the  broken  bonds.  The  most 
susceptible  structures  in  the  fiber  are  the  tie  molecules  between  the 
crystalline  regions,  and  we  therefore  suspect  that  the  electron  damage  leading 
to  failure  is -concentrated  in  these  regions.  In  the  crystalline  portions  of 
the  fiber,  the  polymer  chains  are  not  under  as  large  a  strain  and  therefore 
may  be  less  likely  to  be  permanently  broken.  Additional  work  is  continuing  on 
improving  these  measurements,  applying  them  to  other  materials,  and  developing 
computer  models  of  the  electron  beam  induced  fracture  process. 
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FIGURE  CaPTICNS 


Fig.  1.  Experimental  setup  for  electron  bombardment  of  a  single  Kevlar-49 
fiber  under  stress. 


Fig.  2.  a)  Load  vs  time  curve  for  a  single  Kevlar-49  fiber  under  stress.  The 
dashed  line  indicates  the  fracture  of  the  fiber  upon  application  of 
the  electron  beam  (vertical  arrow) .  The  solid  line  represents  the 
drop  in  load  occurring  during  fracture  of  the  fiber  with  no  electron 
bombardment. 

b)  Load  vs  time  curve  on  a  faster  time  scale.  The  vertical  arrow 
indicates  the  time  when  the  electron  beam  was  applied.  Note  that  the 
load  prior  to  carplete  failure  drops  slightly,  indicating  that  damage 
is  occurring. 

Fig.  3.  A  plot  of  the  time-to-fracture  vs  applied  load  for  single  Kevlar-49 
fibers  all  bombarded  by  a  3000  eV,  100  yuA  electron  beam. 

Fig.  4.  A  plot  of  the  time-to-fracture  vs  electron  beam  current  (at  3  keV) 
for  a  single  Kevlar-49  fiber  under  an  applied  load  of  0.75  N. 

Fig.  5.  SEM  photographs  of  a  single  fiber  of  Kevlar-49  a)  fractured  without 
the  application  of  an  electron  beam,  and  b)  fractured  during  the 
application  of  a  120  /aA,  3000  eV  electron  beam. 
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TABLE  I. 


ELECTRON  BEAM 
CURRENT 

uA 

TEMP  AT  ONSET 

OF  YIELDING 

C 

TEMP  AT  FAILURE 

1 

C 

75 

60 

90 

100 

90 

130 

100 

120 

160 

200 

100 

150 

200 

55 

170 

Table  I.  Calculated  temperatures  at  the  onset  of  yielding  and  at  failure  of 
single  Kevlar  fibers  for  various  electron  beam  currents.  Electron 
energy  is  3  keV.  The  applied  force  is  0.75  N. 
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VIII.  WORK  IN  PROGRESS 

Mechanian  Studies.  We  have  continued  our  studies  of  electron  and 
positive  ion  emission  mechanisms,  extending  our  studies  to  single  crystal 
substances  that  serve  as  model  materials  for  energetic  molecular  crystals.  We 
have  found  that  a  number  of  inorganic  single  crystal  substances  have  emission 
characteristics  similar  to  polymers.  For  intense  emitters  of  charged 
particles  we  find  accompanying  intense  photon  emission.  We  have  measured 
simultaneously  electron  radiowave  and  photon  versus  time  for  the  fracture  in 
vacuum  of  materials  such  as  alkali  halides,  MgO,  MgF2,  and  SiC>2.  These 
results  show  that  during  fracture  there  are  radio  waves  and  accompanying 
visible  photons  due  to  a  weak  electrical  discharge  caused  by  charge  separation 
and  the  desorption  of  gaseous  species  into  the  crack  tip. 

The  electron  emission  rises  with  the  photon  emission  and  radiowave 
emission  but  then  decays  with  a  long  tail.  Recent  measurements  with  larger 
photocathode  photomultipliers  show  that  the  photon  emission  from  MgO  and  SiC>2 
have  identical  decay  kinetics  to  the  electron  decay.  Such  emission  is  most 
evident  in  crystals  where  charge  separation  on  the  fracture  surfaces  is  strong 
and  a  discharge  is  more  likely  to  occur,  we  hypothesized  that  during. the 
discharge  the  fracture  surfaces  are  bombarded  by  electrons  and  ions  with 
relatively  high  energies.  It  is  this  bombardment  which  is  the  key  stimulus 
for  the  electron  emission,  positive  ion  emission  and  photon  emission  which 
follows  fracture.  Calculations  of  emission  kinetics  for  these  inorganic 
crystals  are  ongoing  using  iterative  curve  fitting  techniques  to  models 
involving  three  to  four  coupled  rate  equations.  We  are  utilizing  known  defect 
structures  and  energy  transfer  mechanisms  for  these  materials,  assuming  that 
the  electron/photon  emission  event  accompanies  a  recombination  process  (e.g., 
electron  hole  pairs,  conplementary  defect  annihilation) .  These  models  predict 


the  effect  of  increasing  the  sanple  temperature  after  fracture  for  comparison 

•  * 

with  ongoing  measurements. 

Neutral  Emission  from  Polymers  and  from  Inorganic  Single  Crystals. 
Using  new  techniques  that  we  have  developed/  we  have  measured  the  gases 
released  from  deformation  and  fracture  of  two  types  of  materials:  a) 
Elastomers  modeling  binder  material,  and  b)  Inorganic  single  crystals  of 
alkali  halides  and  various  oxides.  In  the  case  of  elastomers,  we  have 
examined  BAMD/THF  and  polybutadiene.  We  observe  a  wide  range  of  product  peaks 
in  the  mass  spectrum.  We  are  sorting  out  two  sources  for  these  species:  1. 
residual  content  of  volatile  compounds,  and  2.  mechanically  produced  products 
due  to  bond  scissions.  The  evolved  products  produced  by  mild  thermal 
stimulation  are  used  to  identify  1.  Also,  purification  techniques  are  being 
explored  to  reduce  1  to  a  minimum.  The  experiments  on  inorganic  single 
crystals  are  showing  impurity  products,  also,  but  they  are  not  in  the  crystals 
as  assembled  molecules.  There  is  fracture  induced  chemistry  occurring, 
producing  a  wealth  of  species.  For  example,  02,  H^,  C02  from  single  crystal 
MgO.  In  addition,  we  are  seeing  atomic  species  emitted  from  the  crystals, 
e.g..  Mg  from  MgO,  Na  and  Cl  from  NaCl,  and  Li  and  F  from  LiF.  These  products 
are  certainly  due  to  bond  breaking  of  the  ionic  lattices. 

Inpact  Studies  on  PETN.  In  work  recently  published  (J.  Appl.  Phys. 

57,  5048  (1985) ,  we  showed  a  strong  dependence  of  the  fracto-emission 
intensities  from  single  crystal  PETN  on  the  mode  of  fracture,  where  fast 
corrpression  (impact)  yielded  the  strongest  response.  This  mode  of  loading  led 
to  considerable  pulverization,  acccnpanied  by  shear  and  frictional  grinding  of 
the  crystal  fragments.  We  have  instrumented  an  iirpact  device  for  our  vacuum 
system  and  have  started  correlations  of  the  emission  with  intensity  of  the 


inpact.  One  unexpected  result  was  the  properties  of  the  ejecta  (small 
microscopic  fragments  thrown  out  of  the  vice  by  the  impact)  was  found  to  be 


highly  charged  and  we  have  evidence  that  the  fragments  are  emitting  charge  and 
photons  with  high  intensities.  As  part  of  this  study,  we  are  attempting  to 
collect  such  ejecta  for  both  energetic  materials  and  model  crystalline 
substances  and  measure  the  total  residual  charge  on  the  ejecta  as  well  as  the 
emission  from  these  particulates. 

Photon  and  Fadiowave  Emission  During  Peeling  of  Pressure  Sensitive 
Adhesives  in  Vacuum.  As  a  further  test  of  some  of  the  features  of  our  models 
involving  systems  that  yield  a  high  degree  of  charge  separation,  we  are 
examining  several  details  of  the  photons,  electrons,  and  radiowave  signals 
emitted  from  a  commercial  pressure  sensitive  adhesive  peeled  from  a  polyester 
surface  IN  VACUUM,  similar  to  the  study  described  in  Section  V,  which  was 
performed  in  air.  We  are  seeing  many  of  the  same  effects,  with  the  added 
feature  that  we  can  now  measure  the  correlations  of  the  electron  emission  with 
either  the  photons  or  radiowaves.  The  signals  are  quite  strong,  and  we  hope 
to  find  relations  between  the  occurrence,  intensities,  and  decays  of  the 
electron  bursts  with  those  of  the  other  fracto-emission  components. 
Furthermore,  the  kinetic  energy  of  the  charged  particle  emission  (including 
the  positive  ion  emission)  and  identification  of  the  masses  of  the  positive 
ions  are  also  being  measured.  We  are  also  imaging  some  of  these  missions  and 
find  that  they  are  often  highly  localized. 

Fracto-Qnission  from  Propellents.  In  collaboration  with  the  Navy 
Weapons  Center,  we  are  continuing  to  measure  fracto-emission  from  a  few  more 
formulations  of  the  RDX  filled  polymeric  binders  which  are  being  sent  to  us  by 
R.  Y.  Yee,  NWC.  Also,  Dr.  Yee  has  produced  for  us  macroscopic  binder/single 
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crystal  RDX  specimens  with  a  surface  area  at  the  interface  of  about  1  cut  , 
which  will  be  sent  soon.  We  will  perform  peel  tests  on  these  samples,  pulling 
the  binder  off  of  the  crystal,  searching  for  emission  similar  to  what  we 
observed  in  polybutadiene  from  macroscopic  metal  and  glass  surfaces  and  in 
peeling  pressure  sensitive  adhesives.  Such  experiments  will  prove  that  such 
failure  can  produce  intense,  long  lasting  emission.  If  these  experiments 
confirm  our  predictions,  we  would  like  to  determine  from  which  surface,  if 
any,  dominates  in  the  emission  process.  More  fundamental  measurements  on  the 
origin  of  various  fracto-emission  components  from  this  particular  system  will 
be  pursued. 

Fracto-Bmission  from  Metal  Filled  Binder.  In  collaboration  with  H. 
Stacer,  Air  Force  Rocket  Propulsion  Labs,  we  are  studying  the  fracto-emission 
from  binders  filled  with  small  aluminum  particles.  The  purpose  of  these 
studies  is  to  study  the  fracto-emission  and  related  effects  due  to  adhesive 
failure  at  the  interface  between  the  matrix  and  particle.  To  date,  we  have 
studied  the  electron,  photon,  and  radiowave  emission  from  urethane  cross- 
linked  polybutadiene,  both  filled  and  unfilled.  The  emissions  differ  by 
several  orders  of  magnitude  and  the  duration  of  the  decay  after  fracture 
change  from  ms  (unfilled)  to  several  hundred  seconds  (filled) .  Microscopy  of 
the  fracture  surfaces  show  that  considerable  interfacial  failure  occurs  during 
fracture.  The  systematic  study  of  this  system  will  be  continued  with 
variations  in  filler  concentration  and  binder  cross-linking. 

In  addition,  related  to  the  metal  filled  elastomer  studies, 
macroscopic  specimens  of  metal  surfaces  and  common  binders  (e.g. ,  urethane 
cross-linked  polybutadiene)  are  being  studied  as  a  function  of  metal  particle 
surface  condition  (with/without  oxide  coating) ,  crack  velocity,  and  presence 
of  an  external  electric  field.  These  studies  relate  to  both  metal  filled 
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propellents  and  the  interaction  of  propellents  with  metal  walled  casings. 
Similar  studies  could  be  made  on  other  rocket  motor  casing  materials  as 
substrates  (e.g./  filled  epoxies),  if  there  is  interest. 

Radiation  Induced  Fracture.  We  have  further  explored  the 
consequences  of  combining  the  application  of  stress  and  electron  bombardment 
to  a  polymer.  Alan  Gent,  University  of  Akron,  is  collaborating  with  us  on 
the  next  phase  of  the  work.  We  have  been  measuring  tear  energies  of  rubbers 
with  and  without  electron  bombardment  in  such  a  way  that  we  can  quantify  the 
bond  breaking  effect  of  the  electron  beam.  We  have  examined  additional 
materials  to  sort  out  the  mechanisms.  These  materials  include  polybutadiene, 
polyisobutyl  rubber,  a  ethylene-propylene  co-polymer,  and  a  number  of  fibers 
other  than  Kevlar:  Nylon  66,  Graphite,  E-glass,  quartz,  and  soda-lime  glass. 
Each  of  these  materials  can  be  broken  with  the  electron  beam.  However,  there 
is  evidence  that  in  the  case  of  non-polymeric  fibers,  rapid  heating  is  taking 
place  which  may  be  causing  failure.  In  the  case  of  E-glass,  the  calculated 
temperatures  at  failure  are  below  the  temperatures  required  to  cause  the  fiber 
to  flow,  yet  yielding  is  observed.  We  have  hypothesized  the  presence  of  a 
"hot  spot",  presumably  a  flaw  in  the  fiber  in  the  region  being  bombarded,  that 
leads  to  an  instability  (local  yielding) .  In  the  case  of  the  polymers,  we 
have  modeled  the  energy  deposition  and  thermal  conduction  occurring  during 
bombardment  and  concluded  that  the  effects  we  are  observing  are  not  thermal. 

We  believe  that  bond  scissions  due  to  electronic  interactions  are  the  dominant 
effect  leading  to  crack  growth.  The  critical  requirement  is  that  the 
electronic  processes  occur  at  vulnerable  bonds,  i.e.,  those  under  stress.  To 
answer  questions  concerning  the  stress  dependence,  radiation  induced  cross- 
linking  and  other  chemistry,  we  are  modeling  the  phenomenon  using  a  molecular 


.0 


dynamics  code  in  collaboration  with  Timur  Halicioglu,  NASA-Ames  Research 
Center. 

i 

We  will  soon  be  using  an  additional  source  of  radiation  for  these 
experiments,  namely  a  high  powered  excimer  laser  as  a  driver.  We  now  have  our 
excimer  laser  working  with  KrF  as  the  active  gas.  We  will  explore  the  effects 
of  such  uv  radiation  focused  into  cracks  in  elastomers .  We  predict  that  under 
proper  loading  conditions,  we  can  cause  crack  propagation.  Examination  of  the 
relevant  parameters  and  mechanisms  will  be  made. 
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IX.  OCNCLOSICMS 


R 


We  continue  to  make  progress  in  our  understanding  of  the  emission  of 
electrons,  positive  ions,  and  photons  during  and  following  fracture  of 
polymers,  inorganic  crystals,  and  organic  crystals.  The  concepts  fracture 
induced  excitations  due  to  bond  breaking,  the  occurrence  of  charge  separation, 
gas  desorption,  gaseous  discharges  yielding  additional  excitations  of  the 
fracture  surfaces,  followed  by  subsequent  relaxation  processes  have  allowed  us 
to  make  predictions  which  have  proven  to  bear  out  experimentally .  Additional 
quantitative  models  and  numerous  additional  experiments  are  also  suggested. 

In  addition  we  have  shown  that  material  properties,  e.g.  adhesion  strength 
between  binder  and  filler  particles  can  influence  FE  greatly.  Also,  the 
detection  of  atomic  and  molecular  species  from  single  crystals  of  MgO  and 
other  inorganics  indicate  considerable  bond-scission  induced  chemistry 
occurring  on  fracture  surfaces.  As  further  understanding  develops  on  the 
mechanisms  of  fracto-emission  and  the  factors  influencing  the  emission 
characteristics,  a  growing  interest  in  applications  of  our  techniques  is 
developing.  Finally,  the  studies  of  radiation-induced  fracture  are 
progressing  towards  contributing  to  the  physics  of  fracture  as  well  as  to 
providing  new  insights  of  materials  under  stress  in  hostile  environments. 
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